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4, PREFACE

The field of atmospheric electricity is one of the oldest branches of meteorological physics.
In its long history, it has yielded a number of interesting results, including those which revealed
the existence of cosmic rays. In general, progress in the field has been slow and at times dis-
couraging because of the very great complexity of the atmospheric processes which control the
electrical phenomena observed. However, within the last few years there has been a revival of
interest in atmospheric electricity. The increased activity has been stimulated, in part, by im-
provement in methods of measurements and the opportunities to obtain data in the free atmosphere
remote from the surface of the Earth, in part, by the necessity of solving practical problems
attendent upon increased use of aircraft and rockets, and, in part, by the growing recognition that
electrical measurements may be sensitive indicators of meteorological phenomena.

Members of the staff and consultants of the Geophysical Research Directorate of the Air
Force Cambridge Research Center and the Office of Naval Research felt that the time was ripe for
a conference on atmospheric electrical problems under the auspices of the American Geophysical
Union. The prime objectives of the Conference were to appraise the current status of the science
of atmospheric electricity and the arts and techniques related thereto, and to consider possible
pathways to fruitful future research. Incidental to this, the Conference aimed to bring together
key workers in the field from throughout the world in order that they might have the benefit of
personal acquaintance and in order that the science might benefit from cross-fertilization of ideas
that association might provide. To this end, arrangements for the meeting were made at a location
which would encourage informal discussions and which would be somewhat removed from diver-
sionary activities.

These objectives were fully attained through the three-day conference at Wentworth-by-the-
Sea, Portsmouth, New Hampshire in May, 1954. The feeling was expressed by some that by virtue
of this endeavor the science had gained two years or more in time.

A secondary objective of the conference, perhaps, more accurately, a by-product, is the pub-
lication of the conference proceedings including research papers, reports and discussions. The
research papers present a number of the most recent developments in the field. The reports re-
view past developments stating or restating the author's views of he present status of the field
and the outlook for the future. The discussions were spontaneous, and as given here were prepared
from a verbatim transcript, sharply edited, though retaining their verbatim flavor. It is realized
that since the Conference was held, several of the papers have appeared in established scientific
journals in a form similar to, if not identical to, the form of their presentation to the Conference.
In order that all the papers may be assembled under one cover they are again presented here. Be-
cause the present volume is a record of conference proceedings, the editors have accepted all
papers presented. In a few instances, errors have been pointed out to the authors but in no case
has a manuscript been refused if the author has not agreed to make suggested corrections.

The history of the conference goes back several years to plans laid by the late George R. Wait
and by Samuel Coroniti of the Air Force Cambridge Research Center. Dr. Wait did not live to see
his dream materialize. Howevez, his colleague Mr. Coroniti served the Conference as Project Sci-
entist for the Air Force, and was intimately ass3ciated with all phases of the work relating to the
Conference.

The Editors
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PROCEEDINGS OF THE CONFERENCE ON ATMOSPHERIC
ELECTRICITY, MAY 19-21, 1954

ADDRESS OF WELCOME TO THE CONFERENCE

P. H. WYCKOFF

Geophysical Research Directorate, Air Force Cambridge Research Center
Cambridge, Massachusetts

On behalf of the Air Research and Development Command of the United States Air Force and
the Office of Naval Research of the United States Navy, I would like to welcome you to this Con-
ference. Many of you have traveled from distant corners of the Earth to be with us today, and we
are very appreciative that you have considered it worth while to do so.

You may wonder why this Conference on Atmospheric Electricity was sponsorel by two
branches of the Armed Forces of the United States. It would appear at first thought that such a
subject would be far removed from the problems of the military services. During the last war,
however, the military services learned that science and modern warfare must go hand in hand.
The Blitzkrieg of yesterday has been replaced by the Witzkrieg of today. It is only natural, there-
fore, that the military man must look to the scientist as a colleague for a solution of their mutual
problems. One of the fundamental fields where the military must rely upon the scientist is in the
scientific evaluation of the environment in which aircraft are flown and battles are fought. In this
country we cover the entire field of the atmosphere and the surface of the Earth by the term 'geo-
physics.' One Important part of geophysics is certainly atmospheric electricity, and we feel that
it is necessary to understand the role of atmospheric electricity in the Earth's atmosphere in
order to understand the military problem of environment. Precipitation static is as much a prob-
lem of flight as turbulence and down drafts. Thunderstorms are as much a problem of safety as
fog and icing. As we will undoubtedlydiscuss at this Conference,-we have found that atmospheric
electricity has contributed heavily to the general field of meteorology by furnishing the meteor-
ologist with a sensitive tool for defining mixing layers and as a tracer for air masses. Those of
us who are working with the military feel that the contributions made by atmospheric electricity
have hardly scratched the surface. We realize that there is much yet to be done and much more
to be understood. We have asked you here today because we recognize that this group represents
the outstanding competency in the world today in atmospheric electricity We feel that the future
of the science of atmospheric electricity rests within your hands, and that we can rely upon you
to guide us into those aspeLts of atmospheric electricity which will be the most fruitful from the
scientific point of view.

Again, may I express our appreciation for your kiprAness in acc!epting our incitation, and we
hope that you will find these three days interesting and profitable to you and that you will enjoy
yourselves during your brief stay with us.

WJ

X_ _Ne: 
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THE PRESENT STATUS OF ATMOSPHERIC ELECTRICITY

W. F. G. Swann

Director, Bartol Research Foundation of the Franklin Institute
r " Swarthmore, Pennsylvania

Dinner Address, May 20, 1955

The subject of atmospheric electricity has, in the past, concerned itself primarily with three
sections: (1) The nature and origin of the atmospheric conductivity; (2) the nature and origin of
the potential gradiert, and the equivalent topic, the origin and maintenance of the Earth's negative
charge; (3) the origin and nature of precipitation phenomena, thunderstorms, etc. Finally, it used
to be customary to include a fourth section under the title 'The PenetratingRadiation.' However,
this last subject has outgrown all of its relations in the last three decades, and has taken unto it-
self another and more dignified title, so that, under this title, 'The Cosmic Radiation,' it stands by
itself, concerned only with its own affairs and the cosmic phenomena of the universe. It lives in
a state of affluence supported by much money, and consorts only with the aristocrats of physics -
the nuclear physicists. We poor atmospheric electric physicists can hardly claim it any more as
a relative. We must be content with one another ana our old friends, the meteorologists, whose
popular representative is the weather man, for after all, the princes of cosmic rays give very little
to our science. It is true that out of their abundance they seem to support the conductivity over the
ocean, but to the conductivity on land they only make a token payment. It must be confessed, how-
ever, that we, the atmospheric 'Aectric physicists, give the cosmic ray people very little from our
own science.

I have been advised to keep this speech on the non-technical level, and the natural limitations of
time prevent my doing more than touching upon certain topics. Apart from a few remarks on meas-
urements in general, I must direct -ittention to the situation as regards atmospheric conductivity
and must make my main concern the origin and maintenance of the Earth's charge.

To refer briefly to a matter having to do with measurements, one is conscious, particularly in
the early history of the subject, of many things masquerading as fundamental phenomena but which,
as a matter of fact, are. in the last analysis, merely the natural corsequences of the operation of
the laws of electrostatics. Thus, for example, neglecting the motion of electricity produced by air
currents, we may say that the fact that the conductivity increases with aititude automatically results
in the existence of a potential gradient which diminishes with altitude and this in turn, by the funda-
mental laws of electrostatics, results in the existence in the atmosphere, below the point at which
the potential gradient is small, of a positl7e charge equal and opposite to the charge upon the sur-
face of the Earth. The increase of conductivity with altitude is itself a primary phenomenon de-
pending upon such factors as the distribution of radioactive material in the atmosphere, the varia-
tion of mobility of ions with pressure, and so forth. However, with this variation of conductivity
established, the atmospheric charge distribation and the potential gradient variation follow as an
inevitable consequence, and if we started with a condition in which there were no potential variation
and no positive charge, the flow of electricity itself would result in the appea-ance of a positive
charge and of a variation of potential gradient with altitude.

Even today, a word of caution is necessary to the effect that, in appraising the relative signif i-
cance of atmospheric electric phenomena, it is important that we should separate things which are
more or less independent from those which are directly related by the known laws of electricity and
magnetism. Intimately related to this matter is that of the significance of instrumental measure-
ments. Frequently the relation of that which is measured to the fundamental quantity which it was
the intenticn to measure is not free from uncertainty.

N Y
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Thus. for example, a hemispherical mound a mile in diameter and half a mile high m!'-ht seem,
superficially, to present a reasonably flat surface at the top, for potential gradient measurements.
However, since the field on the top of such a hemisphere, regardless of its dimensions, is three
times the field over a flat surface obtained when the hemisphere is removed, it is easily seen that
serious errors may result from neglect of the inevitable implications of the fundamental electro-
static laws which govern this matter. Lack of sufficient care in a Lorrect appraisal of the effects
of the atmospheric potential gradient in inducing charge or. parts of the measuring apparatus has,
in the past, led to serious errors in the results obtained, errors which have sometimes masquer-
aded as fundamental phenomena of nature calling apparently for erudite discussicns as to their
causes.

Atmospheric electricity is not the only science in which this kind of thing has happened. The
study of electrets has revealed phenomena which seem at first sight puzzling, and indeed, have been
considered by some to be inconsistent with the laws of electrostatics, only to find that all is ex-
plained in a simple manner when the implications of these laws are traced.

Another matter which has hindered the interpretation of atmospehric electric data has been the
sensitivity of such data to local phenomena of such a nature that, throughtheir complexity, it is dif-
ficult to define the extent of Eheir influence. Dust, smoke, sand, etc., have often been responsible
for yielding results which are of very little value as regards their interpretable significance.

Fortunately, the great oceans have provided us with a territory more uniform in their charac-
teristics and freer from undefinable local agencies than is the case with land terzitorles; and so
it has come to pass that ocean observations have tended to give us a clearer picture of the essen-
tials. Also, to some extent, observations at high altitudes, in spite of their difficulty, -re suscep-
tible of cleaner interpretation than are those at the ordinary ground observatory.

Atmospheric Conductivity- -Atmospheric conductivity results from a balance between rate of
production of ions by ionizing sources and rate of dissipation of ions by recombination with one
another or with dust or other nuclei. With a wide degree of generality, we may assume that the
time rate of change of the number n of ions per cc of one sign is related to the rate of production
q per cc by the equation

dn'dt =q- cn 2 13n

The / n term is frequently neglected in ordinary laboratory phenomena having to do with artificially
produced ionization, but in atmospheric electricity it plays a fundamental role. It is natural to at-
tribute this term to the presence of dust nuclei and the like. The matter is not as simple as might
at first appear, hoever, for even after such nuclei have been removed as far as it seems feasible
to remove them, there yet seems a limit beyond which /3 cannot be further reduced. Many years
ago, I played with the idea that the /3n term might arise from columnar ionization along the tracks
of the ionizing particle, and indeed this idea has been developed by others since that time. However,
I w s never able to convince myself of the harmonization of columnar ionization with the phenomena
observed in the case where the ionizing particles are electrons. I believc that the significance of
th. ,L3n term calls for more study even at the present time.

The extent to which different ionizing agencies contribute to the conductivity has always been
a subject of primary interest. Accurding tv. Prof. Victor F. Hess, Table 1 represents the contribu-
tion to a, the number of ions produced per cc per second, by the various agencies referred to over-
land.

Table 2, due to Hess, is interesting as indicating the variation of the rate of production of ions
by the various agencies, with distance from the ground over the rela:ively small range of one meter.
Naturaily, such data may be expected to be highly local in character.

7.J.
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Table 1--Prod ction of ions near the Earth's surface
over land in ion-pairs/cm2 sec

Ionizer Ionizing rays Total

Radioactive matter
In the Earth 0 0.1 3.0 3.1
In the air 4.6 0.2 0".15 4.9

Cosmic radiation -... 1.5
Total 9.5

Table 2-- Production of ion pairs near the Earth's surface

Distance Ion pairs
from the I pairy

surface oc ray y rays comcry

cm
3 3.58 2.18 3.76 1.96

100 1.76 0.47 3.21 1.96

Over the great oceans, ionization is primarily limited to the cosmic-ray contribution, so that
the rate of production of ions over land is six times as great as the corresponding value over the
sea. The fact that the number of ions per cc over the ocean is fully half as great as over land calls
for a smaller value of 3 for the ocean than for the land. However, the relative magnitude of 0 neces-
sary to harmonize the land and sea ionization is one which seems reasonable in the light of the pos-
sibilities.

Atmospheric contamination by atomic explosions--In view of the relatively small ion content
of the atmosphere, and of the large amr, nt of radioactive material released in an atomic explosion,
it is interesting to inquire the extent t " zuch an expiosion can materially affect atmospheric
electric observations.

The whole of the atmosphere over the Earth contains normaidy about 6 X 107 curies of radium
emanation and this is responsible for most of the ionization. Now, an explosion of a bomb of the
Hiroshima type puts into the atmosphere an amount of radioactive material which, measured in
curies, is about three times this amount 24 hours after the explosion. One week after the explosion
it is about one-fifth of this amount. A year after the explosion it is about 1/600th of this amount.

Now, of course, all of this radioactive material does not distribute itself uniformly immediately.
It probably goes along in very concentrated form following the direction of the air currents. Thl2re
seems to be a considerable amount of misunderstanding about this matter. I think, however, that
anyone who has watched the dissipation of smoke from an airplane writing in the skywouldhavenodif-
ficulty in believing that if one released 100 captive balloons at an altitude of a few thousand feet, he
would not find them wandering off in all directions hither and yon, but would observe that they trav-
eled along more or less together in such fashion that even after a journey of many miles one might
expect to find them more or less clustered together or, at any rate, not very widely separated. It
is to be anticipated that the radioactive material will travel along in very much the same fashion,
so that whether or not it will constitute a hazard, will depend upon where one happens to be in rela-
tion to the wind currents and, of course,upon precipitation; for of there is no precipitation, the rays
from the radioactive material will be absorbed to a large extent before reaching the Earth.

I



'1 6
Most of the radioactive p:oducts from fission bombs have a short life and are not likely to con-

tar.irate the atrrosphE re for very long. However, in the case of the hydrogen bomb we are concerned
s.th trittium, uhich has a half life of 10,000 years. What becomes fixed, however, in building ahydro-
-en oorb of ass-gned energy yield is a certain minimum number of trittium atoms. If the process
:s, let u.; say, ten per cent efficient.then ten per cent of these atoms will be pumped into the atmos-
phere. However. the very fact that the half life is so long - 10,000 years - means that the fraction
of the total number of itoms vhich break up per second, and so the contaminatory effect on our ex-
Aeriments is not necessarily large. In addition to this, the range of penetration of the radiation from
trillium is very small. The effect lasts a long time, but physicists do not usually do experiments
which last 10,000 years; only astronomers do that, and they do it in contemplation.

Of course, contamination over the sea tends to be rapidly disposed of by the products of con-
tarrination becoming spread throughout the volume of the ocean waters, so that their xadiations can
not get through to the surface. Radioactive material deposited on land can be a more serious mat-
ter. Presumably, however, much of it would get into the air and in process of time this would dis-
appear aloft or become dissolved in the oceans.

The origin and maintenance of the Earth's charge--I now turn to the all-important question of
the Earth's charge and its maintenance. The average value of the potential gradient at sea level is
of the order 120 V m. The potential gradient varies considerably over land, but over the great
oceans it is sensibly constant, and its average surface value is about 126 V 'in.

The conductivity of the atmosphere increases with altitude by a factor of 10 for an altitude
change of 7000 meters, and in this Conference we have learned of data continuing the increase up
to much higher altitudes. The altitude increase of conductivity leads, through direct atplication of
the equation of continuity and the laws of electrostatics, to the conclusion that there should be a
positive charge in the atmosphere and that the potential gradient should decrease with altitude.
Both of these facts are confirmed by experiment, and the potential gradient at an altitude of ten
kilometers is only about two per cent of the sea-level value.

The average value of the surface current density is about 3 X 10-1 6 amp/cm2 . The total nega-
tive conduction current from the whole Earth is about 1800 amperes. The rate of conduction of
electricity into and through the atmosphere is sufficient to insure that 90 pct of the Earth's charge
would disappear in about ten minutes if there were no means of replenishing the loss.

Theories of the maintenance of the Earth's charge have divided themselves into two main cate-
gories; (1) those in which the whole mechanism of replenishment is to be found within the atmosphere
itse!f, or within the Earth, and (2) those in which it is supposed that negatively charged particles are
shot from outside though our atmosphere to the Earth.

A third type of theory has envisaged more drastic hypotheses according to which, by a very
slight modification of the fundamental laws of electrodynamics, a continual very slow rate of death
of positive electricity is maintained as a result of the Earth's rotation, a death amounting to one
proton per cc per day. This would result it building up a continually increasing surplus of negative
electricity were it not for the conduction current which carries it off into space.

Prominent among the first named category of theories are those involving precipitation, in which
it is supposed that through the agency of rain or other forms of precipitation, or through associated
lightn.ng flashes, negative charge is brought down to the Earth against the influence of the electric
field, builds up thereon, and finally flows oack into ana through the atmosphere in the form of the
atmospheric electric conduction current.

A somewhat different form of mechanism, proposed by Ebert, invoked the fact that ionized air,
emerging from the pores of the Earth's surface during periods of failing barometric pressure, comes
into the atmosphere with a net positive charge on account of the diffusion of the negttive ions to the

walls of the pores. The positive ions were supposed to be carried upwards by rising air currents.

_- VC-
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The net negative charge on the Earth's surface then built up a field which resulted in the usual
negative conduction current which passed into the air, eventually to join with and annul the positive
current arising as aforesaid.

Precipitation theories were the first to claim attention. Such theories experienced obstacles
prominent among which was the fact that precipitation brought down charges of both signs and,
while the negative precipitation was ten times as large as was necessary to maintain the Earth's
charge, there was an almost equal precipitation of positive charge, and the evidence of earlier
days seemed to indicate that the excess was in favor of the positive sign, that is, of the wrong sign
for purposes of maintaining the Earth's charge.

nother obstacle arose from the fact that precipitation theories resulting, as they do, in a sepa-
ration of charges, with one sign remaining temporarily in the atmosphere while the other sign is
deposited on the Earth, lead to a condition in which the opposite charges remain bound to each other's
vicinities. The negative density on the Earth is held bound to the positive in the atmosphere, and no
surface charge or potential gradient is therefore to be expected outside of the region where precipi-
tation occurs. This difficulty, which also affected the Zbert theory, became alleviated when the ef-
fect of the high conductivity of the upper atmosphere became recognized. We have now, in fact, to
recognize, to a first approximation,two spherical conductors, the Earth's surface, E, and the so-
called conducting layer, S. The displacement of charges in the atmosphere, or from atmosphere
to ground, sets up a difference of potential between these layers, a difference of potential which is
handed around to all parts of the Earth.

Thus, some of the earlier difficulties confronting precipitation theories evaporated inthe light
of fuller considerations born of the existence of the conducting layer; however, during the period
in which it seemed that these difficulties might be significant, it became customary to seek for more
drastic means of replenishment in the form of a compensating current shot into the Earth from outer
space. At the time when such a proposal was made by G. C. Simpson, one shuddered at the thought
of the particle energies necessary to provide penetration through the atmosphere. However, the
development of our knowledge of cosmic rays soon taught us that this matter represented the least
of all obstacles to the acceptance of corpuscular replenishment. We are accustomed now to deal
in cosmic ray particles with energies hundreds or thousands Ui times the value necessary for pene-
tration of the atmosphere. However, by the same token, our greater knowledge of these particles
has placed greater limitations upon the use which we may permit ourselves to make of them. We
now know the actual number of such particles entering the Earth. It is a hundred thousand times too
small to present any possibility of using the cosmic rays as a source of replenishment of the Earth's
charge, and we have very little reason to believe that we have missed a whole category of charged
particles. The only possibility in this direction lies in the supposition that particles of sufficiently
high energy would be undetectable; and while there is some theoretical reason to believe that this
may be so, the necessity for invoking such a drastic hypothesis has passed. Superposed upon all
this is the fact that If we had a corpuscular current sufficient in amount to replenish the loss of the
Earth's charge, the rate of production of ions which it would be expected to produce in the atmos-
phere would be a hundred thousand times that known to exist. I wilt not deny that it might be pos-
sible to doctor up the corpuscular hypothesis to meet the primary objections confronting it. How-
ever, in the light of the clarification of the whole picture as represented by precipitation theories,
the development of such theories to the point of eliminating the old difficulties which fted them,
and the fact that they permit an understanding of diurnal variation phenomena in a manner which,
as we shall see, would present a very great problem for any theory based on an incoming corpus-
cular current, renders it undesirable to pursue the corpuscular hypothesis further in this epoch.

Sirnil.,r remarks of obsoleteness appiy to theories concerned with modification o! electrodynamic
laws to permit a death of positive electricity as a result of the Earth's rotation, with the accompa-
nving build up of the negative counterpart to supply material for the atmospheric electric conduction
Current.

ktv T WaP
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Having, therefore, discussed briefly the past history of the subj ct, let us take a fresh breath
and inquire how things stand today. In speculating upon the possibilities, two things emerge as of
outstanding significance.

The first matter of importance is the existence of a conducting layer, S, which, with the Earth's
surface, E, constitute two spheres, each sphere being at a potential which is the same at all parts
but which, in the case of the conducting layer, may vary with time. It is not without interest to ob-
serve that if we were t . draw these two spheres on a piece of paper, it would be difficult to draw
a line so thin that its thickness was not too great to represent the distance between them.

The second matter of outstanding significance is S. 3. Mauchly's discovery to the effect that the
diurnal variation of the potential gradient follows universal rather than local time ever the oceans.
This means that apart from local effects, the maximum of the potential gradient always occurs at
the same instant at all places on the Earth's surface. It is not without interest to inquire as to the
longitude for w.-ich this instant is local noon. It so happens that the longitude in question is the lon-
gitude of some place in California.

The dependence of the potential gradient upon universal time is something which it is almost
impossible to account for on the basis of an incoming corpuscular current of c3nstant intensity com-
ing from some place external to the Earth. Such an incoming corpuscuiar current of constant magni-
tude could only be consistent with a diurnal variation by the existence of a distortion of the conducting
layer, and a distortion which followed universal time. Thus, for example, if the conducting layer
were depressed downwards at some place, the potential gradient would become increased, since the
layer is at the same potential at all places. Such phenomena as atmospheric tides would lead only
to potential gradient variations which followed local time. The only kind of what I may call pseudo-tide
phenomena which could give a potential gradient following univers.l time in the light of the existence
of a constant total supply current is one where the radius of the conducting layer increased period-
Ically with time End equally at all places, and such a motion is not consistent with any known cause.
Even if it existed, there is no known cause which could determine its phase. Some years ago, I
made a suggestion to the effect that when the Sun was o r -head at any place, the layer would be de-
pressed at that place, resulling in an increase of potentia. eradient. Here again, however, we have
a phenomenon which would follow local time.

A possibility intimately related to this idea and based upon a constant total current is the fol-
lowing. Suppose the electrical resistance per unit area between the conducting layer and the Earth
varies with time, and to different extents in different places. Then, since the potential of the con-
ducting layer is the same at all places at any instant, the conduction current density will vary from
place to place in inverse proportion to the resistance per unit area. If the resistance variations
'eferred to are confined to the higher altitudes, the potential gradient at sea level will vary propor-
tionally to the current density and so inversely proportional to the columnar resistance per unit area.
Again, in the normal course of events, we anticipate a variation of columnar resistance, and so of
potential gradient, which follows local time. However, by a rather far-fetched hypothesis, we can
secure conditions in which a component of the variation follows universal time. Thus, suppose the
.Iteration in columnar resistance follows local time in a general way but that the extent of the vari-
ation depends upon local conditions. To take an exaggerated case, suppose that, at a certain longi-
tude, the resistance variation was much greater than anywhere else, possibly on account of local
meteorological conditions; then, superposed upon the general local-time variations, we chould have
a variation following universal time.

It must be admitted that such avenues of escape from the difficulty such as I have here envisaged

are very speculative. When, however, we give up the concept of a constant corpuscular current and
seek replenishment from the atmosphere itself, matters assume a much more natural role. The
basic motivating cause which we now seek is one where the supply current varies with time, and so
determines a conduction current and a potential gradient varying with time.

Thus, to take an exaggerated case, suppose we have replenishment as a result of thunderstorms
5occuring at one place on the Earth's surface and that the thunderstorm frequency at that place follows

?N
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.al time. Then the supply current will follow what is local time for that place, and so universal

Lime for the Earth as a whole.

In the next simplest approach to a picture, we may imagine a condition in which thunderstorm
activity could be divided into two components, a component which was distributed uniformly over the
Earth's surface, and a component of larger value contributed by the specialized region. The first
of these components would be expected to result in a potential gradient which showed no diurnal
variation, while the second would result in a diurnal variation following universal time. As regards
the second, we should have a maximum of potential gradient all over the Earth at the instant when,
in the specialized region, there was a maximum of thunderstorm activity. If, 12 hours later, there
were a minimum of thunderstorm activity at the specialized place, then at that time we should have
a minimum of potential gradient all over the Earth.

If there are two places where the thunderstorm activity has pronounced maxima and minima
12 hou, s apart, then we shall still get a net potential gradient variation which follows universal time.
Of course, if all places are equally favored as regards thunderstorms, the potential gradient will
show no time variation at all.

We could secure a 12-hot- period by supposing conditions in which, at the specialized r'ace,
there was a 12-hour period in thunderstorm activity. However, the fact that the 12-hour pt .od
seems to be absent over the oceans, and at the top of the Eiffel Tower, for example, where we are
well removed from the complicated meteorological condi.ions associated with the Earth's surface,
these facts invite the supposition that no more complicated assumption than that of the 24-hour
period in the thunderstorm activity is necessary to account Zor the facts.

Now, that the basic ideas underlying the foregoing considerations are in line with the facts is
borne out by the fact that the total thunderstorm activity does follow roughly a 24-hour period in
universal time, and by the further fact that the time of maximum thunderstorm activity corresponds
to the time of maximum potential gradient.

I have already referred to the fact that maximum potential gradient occurs at a time when it is
noon in California. I do not wish to attach too much significance to this matter. However, it Is
evident that an important field of activity is to be found in the correlation of thunderstorm activity
with atmospheric electric data, with special attention to the frequency of occurrence of thunder-
storms at different parts of the Earth's surface, and to the seasonal and similar variations of thun-
derstorm activity in different places.

The situation presented by a thunderstorm is, I believe, typically one roughly represented by
an electric doublet in the atmosphere, the positive charge being on the top and the negative charge
below. For complete electrostatic considerations we have to envisage the images of this doublet
in the Earth below and in the conducting layer above. The net result is that we have negative elec-
tricity streaming d, wn to the Earth below and positive electricity streaming up to the conducting
layer, where it spreads out, as does the negat.ve charge :n the Earth, to the extent necessary to
insure constancy of potential for each sphere. The potential difference thus established between
the two spheres then sets up the atmospheric-electric conduction current.

A lightning discharge at any place on the Earth's surface might well be detectable at any other
part of the surface. Thus, a discharge of 30 coulombs would change the potential difference between
the Earth and the conducti : layer by 6V, where

6 V = [30 x 3 x 109 (41r h)/4 1rr 2 ] x 300 volts

where h is the height of the conducting layer, and r is the Earth's radius. Putting h 50 X 105;
r = 6.5 x 106,

I



10

6V ' 30 x3 x 109 x 50 x 105 x 300/4 X101

(1/3) x 103 volts.

Even if this were distributed sensibly equally throughout ten kilometers, it would amount to
0.0003 V/cm. Such a voltage should be detectable by radio methods, but in view of the large num-
ber of thunderstorms occurring per second, the problem of disentangling the separate storms
presents very serious difficulties.

The thought that atmospheric electric phenomena find their origin in the atmosphere itself
naturally invites an attempt to balance the various sources of contribution and see whether they add
up to zero. Data to this effect have been obtained by Dr. Wormel, who finds, for supply of positive
electricity to the Earth, the contributions shown in Table 3 from four sources, (1) the ordinary atmos-

pheric electric current, (2) precipitation, (3) point discharge below clouds, and (4) lightning.

Table 3--Contributions to the supply of positive

electricity to the Earth

Source Contribution
coulombs/kjn2 year

Corduction current 60
Precipitation 20
Point di:charge -100
Lightning -20

These do not add up to zero but to -40 Coulombs/km 2 yr. However, the average data for the
oceans seem to reveal a conduction current nearly twice that assumed by Wormel, and I believe
that the consensus of opinion is that the large point discharge current is not really representative
of the Earth as a whole, including the oceans. We are fortunate in having Dr. Wormel with us, and
doubtless it will be possible to iron this matter out.

Conscious of the fact that the thunderstorm contribution to the Earth must be the negative of
the thunderstorm contribution to the conducting layer (since the total contribution must be zero) and

. recognizing that it is easier to make measurements over a thunder cloud than beneath it, Drs. Gish
and Wait, by measuring the conductivity and potential gradient over thunder clouds, have sought
to ascertain whether, indeed, the total current from all thunderstorms can provide a balance to the

F'! conduction current. They have, in fact, asked themselves the question of how many thunderstorms
must be going on at any one time all over the Earth in order to supply to the conducting layer a cur-
rent equal and opposite to the atmospheric electric current.

As a result of measurements on some 21 storms, they arrive at a figure between 0.5 amp and
0.8 amp as a typical thunderstorm current. Taking 1800 amp as the total conduction current, the
number of thunderstorms per second necessaryto compensate the conduction current turns out to be

INQ 2200 if we take the larger current (0.8 amp) and 3600 if we take the smaller value (0.5 amp). These val-
ies for the number of storms are greater than those sometimes quoted, values of the order 1800. How-

ever, a consideration of ail circumstances makes it not unreasonable to contemplate a value as high
as 3600. At any rate, these considerations serve to illustrate the necessity of securing more data
in this very important field.



SYNOPTICAL RESEARCHES ON ATMOSPHERIC ELECTRICITY
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Abstract--Our views on atmospheric-electric phenomena and their causes have under-
gone considerable clanges in recent years. This is particularly true with regard to the
clarification of meteorological infl'iences on atmospheric electricity. Every Weather -he-
nomenon involves meteorological processes which have electrical effects. Partly these
processes act as 'generators' producing atmospheric-electric coi'ditions; partly their ac-
tivity as 'variable circuit elements' influences the electrical state of the atmosphere.
This close relation between meteorology an(; atmospheric electricity, correctly recog-
ntzed today, suggests the widening of work in the field of atmospheric electricity towards
synoptic research. Two meteorological-electrical steering processes exist: the 'thun-
derstorm regulation' of world-wide scope, and the more local 'weather regulation.' Cor-
respondingly one may distinguish between a 'large scale air-electric synopsis' and a
'small scale' one. By way of a few examples, our present experience with air-electrical
synopsis as well as its capabilities are discussed. Some thoughts are brought up for dis-
cussion concerning the further development of the synoptic approach in atmospheric
electricity.

Introduction--The problem of the extension of atmospheric electrical work in the direction of
synoptical measurements has become increasingly important in recent years. This is part of a
broader problem: the search for the roots of atmospheric electrical phenomena.

Fifteen years ago I was present at a meeting where the question was argued 'Does the study of
atmospheric electricity belong to meteorology?' This difficulty in classification originates in the
fact that the atmospheric-electrical phenomena have both local and global characteristics, that
means, one finds simultaneous local and global regulating effects [ISRAEL, 1950].

Investigations during the last few decades have removed this classification difficulty and have
led to the now well .known conclusion that the roots of the atmospheric electrical manifestations
lie entire!y in the field of meteorology. Both of the regulating mechanisms, those that vary from
place to place and those that are the same over the whole globe, are of meteorological nature.
These mechanisms differ only quantitatively in their operation and therefore in their radius of in-
fluence [ISRAEL, 1952ab]. This association between atmospheric electricity and meteorology,
today generally accepted, opens the door to new methods and ideas in the work on these phenomena.

Working in thE field of geophysics is, as you know, quite different from that in the experimental
physics. If we exp.2ct relations between physical quantities, we cannot make experiments, but we
must look for correlations. This involves methods of statistics. The original discovery of the
cause of the global daily variation in the electric field is a good example of the use of this method.
The next step is to discover methods to eliminate random results. It is suggested that this can be
done by comparing the results of simultaneous measurements at several stations, that is, by means
of the synoptical method. The classical example of this is the study of meteorology itself, where
the terminology originated and where climatological and synoptical studies have for many years
occupied coordinated positions.

In the field of atmospheric electricity, up to the present time, it has been possible to use only
the statistical-climatological methods, because a development or expansicn in the synoptical d.rec-
tion is possible only after a clarification of the basic correlations between the two branches of the
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meteoroiogy and the atmospheric electricity. With this clarification and the removal of some fur-
ther problems of measuring methods which prevented sucl. a development hitherto, it is possible
today, yes, necessary, to place the atmospheric-electric climatology side by side with an atmos-
pheric-electric synopsis. 1 would like to discuss in the following the possibilities of the synoptical
method and to present some practical experiences in this field. At the conclusion I would like to
present for discussion several ideas and suggestions for the practical development of this method.

Atmospheric-electric synopsis

General conceptions--Tho influence of the weather on atmospheric-electric rnenomena may
be divided in two groups: We can distinguish between the generators, which create the electric
field, and the variable circuit elements which influence the behavior of this electric field. In a
thunderstorm, a cloud from which rain is falling, in general all motion of charges due to non-
electrical forces belong in the generator group. On the other hand, smoke trails, smog in large
cities, air-mass variations, or any condition having to do with variation in the aerosol content of
the air, are considered as variable circuit elements in the atmospheric-electric circuit. This is
generally spoken without regard to the electric space charges, which may be seen as a kind of
transition between these two groups. When the space-charges are moved by non-electric forces,
for cxample by wind or eddy diffusion, we have a generator.

Experience has shown that we must distinguish between two atmospheric generator groups:
those that have global effects, and those whose radius of activity is limited to a small region
[ISRAEL, 1955]. For example, thunde-storms have a global influence on the atmospheric-electric
field, where as a mist or non-stormy cloud generally Influences the field only locally. n the
second group, the variable circuit elements, the consideration as a rule can be limited to the im-
mediate vicinity of the disturbance. The effects of.eddy diffusion on aerosols for example will in
general be limited to this region of diffusion [ISRAEL, 1951].

If we speak now about synoptical study of atmospheric electricity, we have to remember the
two possibilities of influences we mentioned before: According to this the objectives of the two
branches of the synoptical study of atmospheric-electricity are different. The first is concerned
with global influences and seeks to determine the thunderstorm activity in various parts of the

. ,~world and to determine the variation in thunderstorm activity from day to day. The other is limit-
ed to a smaller region and seeks in detail the correlation between local weather developments
and the atmospheric-electrical conditions. In other words, we can differentiate between large-
scale and small-scale atmospheric-electrical synopsis. The former requires a network of stations
of continental or global magnitude, whereas the latter requires a station-network of much smaller
magnitude, that means, one would seldom cover more than 3000 or 4000 sq mi or 10,000 sq km in
the latter case.

It is well known that important conclusions about the inner correlations between two geophysical
branches can be drawn when daily variations of the elements in question are compared. For this

-reason, one should also pay attention to the variations of atmospheric-electrical elements in a 24-
hour period in synoptical atmospheric-electrical studies. (It is certainly not just a coincidence
hat the synoptical study of atmospheric electricity began with a comparison of daily variations.)

In determining the localization of stations required, one must remember that the daily varia-
tion of the exchange layer is an important factor influencing the atmospheric electricity. There-
fore, depending upon our objectives, we must seek out or eliminate regions affected by such ex-
change. In a global large-scale synoptical study it is necessary to avoid such exchange Influences
by placing the stations either on the ocean or on a high mountain. For the small-scale meteoro-
logical-atmospheric-electrical synopsis, the stations would be suitably placed inland where the
lower atmospheric layers can best be studied [ISRAEL, 1954].

These reflections lead to an old point of controversy, namely whether or not we have 'undis-
-2, . turbed days' in atmospheric electricity and, if so, how they should be chosen. As has been shown

M.
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previously, there is no satisfactory answer to this question because the question is stated incor-
rectly [ISRAEL, 1948]. The generally recognized important close association to meteorology for-
bids the striving toward an abstraction of its effects. More often the problem at hand will determine
the conditions under which the study should be made. I shall give three examples of this: For
studies not immediately concerned with generator effects, as such, one should try to avoid condi-
tions or regions of generator action, that means, conditions of precipitation and thunderstorms.
Second, if the exchange influences are to be studied, then we must try to eliminate the global effects.
Third, if the global thunderstorm activity is the objective of investigation, local effects should be
avoided.

Now we have to consider another important problem. Speaking of a synopsis, we must be
clear that synoptical work involves expansion as well as extension. We must expand by having a
network of stations and we have to extend by measuring more than one element. An electric cir-
cuit cannot be considered if one measures only the potential difference, the current, or the re-
sistance alone. Similarly, we cannot be satisfied if we record the potential gradient, the air-earth
current, or the conductivity alone. We must measure at least two of the elements as many Amer-
ican investigators have done for decades.

By recording one element only we cannot separate Influences originating from local and from
global effects. I give one example: a variation of the potential gradient may come from a nearby
chimney or from a variation of the thunderstorm activity in Southern America. To get an analysis
we must without any doubt know at least two elements.

The application of radio-sondes in determining the atmospheric-electrical elements in the
free atmosphere is another tool in atmospheric-electrical synopsis. The apparatus for ground as
well as for radio-sonde measurements has already been developed [KASEMIR, 1951; KOENIGSFELD
and PIRAUX, 1951; and others].
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Examples for synoptical work--As a first example I have chosen the results of a previous in-Yo . vestigation by the Carnegie Institution. Even though the results were developed from a climatologi-
cal-statistical basis, they lead directly to a synoptical approach. Figure 1 shows the atmospheric-
electrical potential gradient and thunderstorm activity as a function of the GMT period and shows
the association between the peaks of the potential gradient curve and tl.e peaks of the thunderstorm
activity over several continkents.

In Figure 2 the daily curves of the poten-
tial gradient over the ocean show a systematic
seasonal variation. From Figure 2 we notice
that the maximum between 6h and 10h at mid-
year is more pronounced. Since this maximum
occurs at the same time as the maximum thun-
derstorm activity over Asia and Australia, FEB.-AAR

this difference evidently points to a correspond- -3
ing variation of the number of thunderstorms in 3_

this area, which will depend upon whether the
dry or wet season prevails. It is only a very
small step from this result to large-scale
s- synopsis. __/__0

As a farther example, (also based upon
the work of the Carnegie Institution), we will
consiaer the parallel investigations conducted MAY-JuL.

at Watheroo (West Australia) and on the ocean,
which were undertaken to determine the 'co- 30
lumnar resistance' and its daily variation
[WAIT, 1942].

Figur2s 3 and 4 show an example of 0
., .~ large-scale synoptical studies on mountain-

tops. Figure 3 shows the daily variation of
the potential gradient, air-earth current, AUG.-ocr.

and conductivity at two stations, about 400 -30
km or 250 miles apart, atop the mountains
Jungfraujoch (3470 m) and Sonnblick (3100 m) 3

in the Alps, for some days of simultaneous
readings in the fall of 1950. Figure 4 shows
two days of these recordings. In both figures
one can see the close agreement between the 2
two curves. Since these readings were taken
at a height which is not affected by the varia-
tion in daily exchange, these curves indicate ov-ra.
that large-scale influences are apparent. It -_0

2-: follows that we can expect the investigations
on mountaintops of sufficient height to be as Fig. 2--The daily variation of the potential
useful for the study of global effects in the gradient over the oceans during the four
atmospheric electricity as investigations on seasons [PARKINSON and TORRESON, 1931]

U- the oceans.

Figure 5 indicates an example of a small-scale atmospheric-electrical synopsis. One sees
the variation of the atmospheric-electrical potential gradient at three stations lying on a straight
line about 130 km or 80 miles long (Buchau - Tibingen - Stuttgart) [ISRAEL, 1952b]. One can
clearly see that the nature of the daily variations at all three stations is identical: A double-per-
iodic curve was indicated at all three stations on July 3, and a single-periodic curve on July 5. The
small amount of information gathered during these seven days does not allow us to draw any detailed
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conclusions, but it is evident that we are dealing with meteorological effects of large and small
amplitude resulting from eddy diffusion. It is interesting to note that the type of variations is
similar in the rural station at Buchau and the city stations at T&bingen and Stuttgart. This shows
that in such studies, we can use stations in or near cities with some caution.

160%
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1951 \

SlsoZ _I
47.

191120
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; V! Buclau a. F
.. _Tbingen 60

-Stuttgart

0 6 12 18 24 A

Fig. 5--The daily variation of the potential gradient in southern Germany at Buchau

a.F., Tbingen, and Stuttgart; simultaneous readings, July 3 and 5, 1951

To complete this example, Figures 6 to 8 show the potential gradient, air- aarth current, and
conductivity over a longer period of time at Buchau. The variations from day to day can be seen.
I do nct wish to go into more detail until further study with simultaneous readings from another
station 20 miles away has been completed. I show these figures because the variationb from one
day to the next indicate the possibilities which are contained in the synoptical atmospheric-electric
method of approach.

Conclusion--I have hoped to show the nature and some of the first results of the synoptical
method in atmospheric-electrical studies with these examples. These examples must suffice since
further investigations of this nature are yet to be conducted. However, such studies are already
under way in the United States of America, and with the assistance of the Air Force Research and
Development Command I will conduct similar studies in the Alps.

I would like to draw some conclusions from the above examples and present them for discussion.
The extension of atmospheric-electrical studies in the synoptical direction requires the continuous
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cooperation of the participating stations. For small-scale atmospheric electrical synopsis this ex-
tension can be accomplished by organizing meteorological observation in the respective countries.
For large-scale atmospheric electrical synopsis the situation is somewhat more difficult. Team-
work on an international basis is required. I

I would like to suggest that we strive toward a closer cooperation between the a nospheric-
electric stations over the globe. I believe that we should discuss how such coordination could best
be undertaken. I would be very happy if the above procedures open the way for new methods and
applications of atmospheric electrical studies. And in conclusion I would like to point out that the
coming International feophysical Year will present particularly favorable conditions for the exten-
sion of atmospheric-electrical studies by the synoptical method.
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STUDY OF THE VARIATION OF POTENTIAL GF-ADIENT WITH ALTITUDE

AND CORRELATED METEOROLOGICAL CONDITIONS

L. Koenigsfeld

Institut Royal Meteorologique de Belgique
Uccle, Belgium

Abstract--The variation of potential gradient with altitude has been observed during
28 soundings at Uccle between December, 1953, and April, 1954. The patterns of poten-
tial gradient are found to correspond to meteorological conditions cluring the soundings.
In particular, the type of air mass has an important influence on the potential gradient.
The possible Iuture use of atmospheric electrical measurements in meteorology is dis-
cussed briefly.

Introduction--There have been very few measurements of the potential gradient as a function
of altitude until the present, and these measurements have been made intermittently and without
coordination. We have had he opportunity to make such measurements with regularity by means L
of a simple method which has been described previously [KOENIGSFELD, 1951]. It has been our
purpose to carry out the measurements in different air masses both by day and by night and to
study the variations in the potential gradients as a function of meteorological conditions.

All of the results have been obtained with modified English radiosondes of type MK II. The
four elements used permitted the measurement of temperature, pressure, humidity, and potential
gradient. The modificatica of the sonde for use with four elements consisted simply in changing
the contactor adapted to the weather vane. The fourth element designed for measurement of the
potential gradient employs a triode. Thr filament-grid current of the tube changes the self-induc-
tance of an iron-core coll which modul:.tes the frequency of the transmitted signal [KOENIGSFELD,
1951, 1953]. The filament grid current is controlled by the difference of potential between two
radioactive collectors (potential equalizers) with approximately one meter vertical separation, and
connected respectively to the filament and plate of the triode.

Calibration--in order to calibration the instrument we have proceeded in two different ways.
The first procedure consists in applying a potential difference between the potential equalizers and
measuring the corresponding signal frequency. We thus obtain a curve of frequency as a function
of the applied potential difference. The second procedure consists in suspending the radiosonde by
a nylon cord under a horizontal grid about ten square meters in area and about two meters above
the ground. An artificial electric field is established with the grid positive and the ground negative.
The variation in the frequency of the transmitted signal is observed as the field is changed. The
two methods used gave the same result. We were thus able to show that the radiosonde measured
the field created between grid and ground.

Mon-ting the instrument for flight--Below the balloon (2000 or 750 gr) we suspended a para-
chute attached by means of a 100-meter cord containing several polystyrene insulators. A 100-
meter cord w chosen for two reasons: (!).to have the radiosonde outside the influence of the
electric charge on the balloon, and (2) to have the radiosonde far enough away from the balloon so
that the apparatus would not swing too much due to the rapid ascent of the balloon in a turbulent
atmosphere.

On several occasions we have measured the electrical field below the balloon and have found
no distOrtion of the field. The bailoon must be withni 20 meters of the sounding apparatus in order
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to observe a distortion of th6 field due to the charge of the balloon, which sometimes has a rather
large charge after inflation. We are thus confident of the reliability of our measurements.

Results of the soundings--During the period from December 16, 1953 to April 26, 1954, 28
soundings were made. Nineteen soundings were made during the day at 14h 00m and nine at night
at 02h 00m. We have consistently attempted to find different air masses with distinguishing char-
acteristics. Accordingly, ten soundings have been launched during the passage of fronts and five
others during stable anticyclonic conditions.

In order to limit the number of graphs, we shall confine ourselves to an examination of three
soundings (Fig. 1, 2, and 3) which appear to be the most characteristic and which confirm nearly
all of our conclusions.

Explanation of the graphs--On each figure the potential gradient (increasing from right to left)
in volts per meter, the temperature, and the relative humidity in per cent are given as abscissas.
The altitude in meters and the pressure in millibars are given as ordinates. The temperature is
given as a function of pressure. In the dashed curve we have traced thE rise of the balloon as a
function of time. The potential gradient is plotted as a function of altitude. 'ihe moist and dry
adiabats are also shown. At the bottom of the plate, the record of the potential one meter above
the ground is recorded throughout the day of the ascensions to indicate the state of electrical
activity at the surface. A scale of 100 or 200 volts is given. Finally, in order to indicate the gen-
eral atmospheric situation we have reproduced the meteorological map for the hour nearest the
time of the sounding (13h for the soudding at 14h and Oh for the sounding at 2h).

In the case of the sounding of April 26, 1954 (see Fig. 1), we are dealing with a continental air
mass, the sky is calm and we have the best condition for a normal distribution of the electric field
in the atmosphere.

The electric field at the ground is normal, that is, of the order of 100 V/n. It is seen that in
altitude the electric field increases progressively up to the level of maximum huml Jity and de-
creases rapidly with weak fluctuations. It is noteworthythat even in a calm atmosphere, there is
a sharp increase in the potential gradient around -300 to -33°C; the same phenomena has been
found in the case of most of the other soundings. A slight increase in the potent!al is also evident
in traversing the stratosphere; after this the potential gradient varies rather little over a range
from zero to ten volts per meter.

In the case of the sounding of February 24, 1954, at 14h (Fig. 2), launched at the time of the
passage of a cold front, the atmosphere was more disturbed than in any of the other cases recorded.
The potential gradient at the ground is very high, reaching +400 volts at certain times but decreas-
ing rapidly and even reaching -150 volts before the passage of the front. We see again that the po-
tential increases rapidly with altitude reaching 350 v/m in the lowest fracto-stratus and cumulus
clouds; the potential gradient does not return to its normal value, but remains very high and vari-
able. We note a sharp increase in the potential gradient, about 45v/m at -320. Even beyond the
stratc.sphere we have very abnormal variations of the gradient.

5 j. A sounding was made about 12 hours after the preceeding, at 02h, February 25, 1954 (Fig. 3).
At the ground the potential gradient is weak or negative. It was -10 volts/meter at the time of
launching. The gradient increased abruptly with altitude, reaching 450 v/m as in the preceeding
sounding. There is a sharp decrease near 1000 m followed by an increase to 300 v/m at about
1300 m. Up to this level the sounding resembled the preceeding sounding. However, above this
level the gradient decreased rapidly becoming normal or even weak as in all night soundings. We
note that the great jump at -320 is still visible but only four volts/meter.

It would seem that equilibrium ' re-established during the night and that gradient becomes
much more stable and weaker above 2000 m. Moreover, this is the main difference between day
and night soundings.
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General conclusions- -The following conclusions are reached:
(1) The potential gradient increases in general from the ground up to the first cloud layer, at

which level the maximum is reached.
(2) Even if the sounding apparatus passes through a calm region, the maximum in the potential

gradient is always located at the level of the lowest clouds.
(3) The positive field existing between the ground and the lowest cloud layer is probably due

to the air masses in the upper atmosphere since we find the same charge during our night sound-
ings, which often go to even greater height whereas equilibrium seems to be established In the
upper layers where the potential gradient is smaller and less disturbed. It seems that the potential
gradient reaches equilibrium near the ground.

(4) At altitudes higher than the strato-phere, there is often a slight increase in the potential
gradient and the variations are very weak, between zero and ten volts per meter.

(5) An increase, often very marked, of the atmospheric potential gradient has been observed
at a temperature of about -32° C, but less frequently at -40°C.

A M.(6) The air mass markedly influences the value of the potential gradient.

M w The importance of the potential gradient from the meteorological point of view--We may ask
hee t pheric potential gradient is n important factor from the point of view of weather

prediction.
(1) It is certain that the potential gradient plays a more important role In Belgian Congo than

in Europe, for in Africa almost all the rains arise in connection with convective storms and more-
over the different masses of air do not seem to be so marked as in Europe. Perhaps the atmos-
pheric potential is a distinguishing factor.

(2) From our soundings at Uccle we can hardly draw any conclusions regarding weather pre-
diction as we have made observations only at one location. A number of soundings carried out
over a large region could perhaps reveal some interesting phenomena such as the arrival or change
of an air mass as well as equilibrium and turbulence phenomena in the atmosphere.

Continuous measures as a function of altitude--Since it appears that the potential gradient is
more stable around 2000 m (where dust, turbulence, haze, etc. would be of less importance), it
would be interesting to make continuous measures of the electric field as a function of altitude using
radio soundings from a captive balloon.

These measurements would give a better picture of the undisturbed electric field near the
ground. We hope to carry out such a program in Belgium in the near future; unfortunately it will
not be possible to send up a captive balloon higher than 500 to 600m. It would be interesting to
make some observations at 500 m above a mountain where one would have ideal conditions. In Bel-
glum this is impossible since the altitude of the highest point (a plateau) is only 700 m.

CR References

P KOENIGSFELD, L., Investigations of the potential gradient at the Earth's ground surface and within
the free atmosphere, in Thunderstorm Electricity, Ch. 3 (H. R. Byers, ed.), Univ. of Chicago

__ Press, 1953.
KOENIGSFELD, L., and PH. PIRAUX, Un nouvel blectrometre portatif pour la mesure des charges

blectrostatiques par syst~me electronique, Mem., v. 45, Inst. R. Met. Belg., 1951.

_hy

-Z Z



AIRCRAFT INVESTIGATION OF THE LARGE-ION CONTENT AND CONDUCTIVITY
OF THE ATMOSPHERE V

Rita Callahan Sagalyn and Gerard A. Faucher 9
Air Force Cambridge Research Center 

"

Air Research and Development Command
Cambridge, Massachusetts

Abstract- -Recent simultaneous measurements of electrical conductivity, large-ion
concentrations, temperature, and humidity in the altitude rane 700 to 15,000 ft by means
of aircraft are described. The results of forty flights show at over continental areas in
fair weather there exists a layer adjacent to the ground varying in depth from 1000 to
10,000 It in which the vertical distributions of charged nuclei and electrical conductivity
are controlled primarily by atmospheric turbulence. At the upper boundary of this layer
there is observed a sharp decrease in temperature gradient and in a transit-i.n region
approximately 800 ft in depth, the conductivity is found to increase by a factor of 1.5 to
6.0; the large-ion content to decrease by a factor of 1.5 to 100. Above this transition
region the large-ion content is reduced to very low values and the electrical conductivity
increases with altitude in the same manner as determined from earlier experiments.
Analysis shows that the surface layer can be identified with the friction layer familiar to
meteorologists. The role - atmospheric turbulence and the effect of these results on
our understanding of the columnar resistance of the atmosphere are discussed.

Introduction

The observations described in this paper are a continuation and extension of an investigation of
the electrical properties of air in the troposphere described in a previous paper [CALLAHAN and
Others, 1951]. It was shown there that above the first few kilometers the electrical conductivity of
the air is a result of the existence of equilibrium between the production of small ions by cosmic
radiation and their destruction by recombination. The conductivity in the lowest part of the atmos-
phere was found to be less than would be expected from cosmic ray activity data which indicated
that destruction of small ions by combination of small ions with charged and uncharged nuclei becomes
an important factor in determining equilibrium. It was, therefore, decided to investigate the concen-
tration of chargea nuclei (large ions) and to determine the factors controlling their distribution in
the atmosphere. Electrical conductivity, temperature, humidity, and pressure were also recorded.

Previously, information about the large-ion content of the atmosphere could only be inferred
from the results of a limited number of balloon flights on which condensation nuclei were measured.
These measurements were carried out principally by WIGAND [1919]. LANDSBERG [1938] has sum-
marized the data available on the vertical distribution of nuclei in the atmosphere. The results show
a rapid decrease in concentration with altitude in the first few kilometers; the concentration at 10,000
ft being only a few per cent of the surface value.

Knowledge of the large-ion content of the atmosphere is not only necessary for the investigation
of the processes involved in ion equilibrium but is also important to the understanding of the effect
of atmospheric turbulence on the electrical properties of the lower atmosphere.

Method of observation

The results of over forty flights are described in this paper. Most of the measurements were
carried out on a fixed flight path, 25 miles long, located southeast of Concord, New Hampshire.
Several measurements were also carried out on selected flight paths near San Antonio, Texas, and
in the mountainous regions of Southern California. In New Hampshire and Texas, locations for the
measurements were chosen where the elevation of the surface above sea level was relatively con-
stant (the height of the surface above sea level varied not more than 200 ft) and over which there
was believed to be no large source of industrial pollution. All flights in a given area were made
over the same fixed flight path.

27
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The aircraft was flown along the chosen flight path making one pafss at specified altitudes be-
tween 800 and 15,000 ft above ground. The altitude intervals were 1000 to 2000 ft unless the records
showed that any of the measured parameters were changing rapidly with altitude i- - ich case the
altitude intervals were reduced. The measurements were carried out through all se-. , - of the
year and throughout the day. The discussion of results is limiter! to those obtained in fair weather,
which we define as days on which there was no unbroken cloud layer in the immediate vicinity of the
flight path to inhibit the development of the daily turbulent cycle.

Apparatus

Instrument installation- -Instruments were installed in a B-17 aircraft to measure and record
simultaneously electrical conductivity, temperature, pressure, relative humidity, air speed, large-
ion concentration, and the air flow through the large-ion apparatus. In order to measure these pa-
rameters continuously in flight with only one operator, it was found essential to use automatic re-
cording and a central control system.

-- -___
AIR INTAKE _____nai ra

- LARGE ION -S~YEM AI AR OER.BAER AEO (

COIIDUCTiviTy LARGE ION-SYSTEM B ME E. PANEL[OJRP 9

- - - -~-WAIST- --

HOE OMe RAY I RADIO ELECTROMdETER CHARTIINTAKE AMPLIFIERS j RECORDERS

Fig. 1--Arraugement of apparatus on aircraft

A general view of the arrangement of the instruments on the aircraft is shown in Figure 1. All
power lines, timing circuits, etc., pass through the main control panel. Four chart recorders,
electrometer amplifiers, battery boxes and the control panel, located near the rear of the fuselage,
are positioned so that the operator can control and check the operation of all instruments. A four-
switch Haydon Timer is used to synchronize all records by placi, g a timer signal on each record

at ten-minute intervals. The air-flow through each ion counter is shut off by means of remotely
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controlled valves in order to obtain absolute zero and to check for insulation leakage. It has been
found necessary to shock-mount all electrometers, recorders, conductivity and large-ion chambers.

Electrical conductivity measurements- -The electrical conductivity of the atmosphere was
measured with a cylindrical condenser system, based on principles first outlined by GERDIEN[1905].
A description of the apparatus used in these experiments is given in CALLAHAN [1951]. In the ex-
periments under discussion the cylindrical condenser and the electrometer preamplifier are located
in the nose of the aircraft while the electrometer amplifier, recorder and batteries supplying a con-
stant direct current potential to the conductivity chamber were located in the waist compartments. _
Using the results of our earlier experiments in which it was found that above a few hundred feet

= + 0.1, the electrical conductivity produced by ions of only one sign is measured. --

Meteorological parameters--The temperature, pressure, relative humidity as well as the air-
speed of the aircraft are measured and recorded with an Aerograph System developed at the Air
Force Cambridge Research Center [GUSTAFSON, 1954]. It consists essentially of a temperature
and humidity transmitter mounted on the nose of the aircraft, a pressure and air speed transmitter,
and a five-channel graphic recorder for continuously recording these variables, which is mounted
in the waist. The fifth channel is used for an autoL.atic time signal. The temperature and relative
humidity sensing elements are, respectively, a thermistor bead and a carbon coated strip.

sput cf valve Lo Air meter" small 1on Large Ion Chamber I

filt.,er ifL J

Sys tern'A. -.. "'

V1,oetc, to electrometer
AVr Reducer and

Brown recorder

F -Schetiagsmall Ion Large Ion Chamberlareonapar1-. .filler]

T- '- 0s to electrometer

.- V 0IO00i- and

. Brw rcrder V

Fig. 2--Schematic diagram of large-ion apparatus

Measurement of concentration- -A schematic 'iagram of the apparatus used for measuring large-
ion concentrations is shown in Figure 2. The air sample enters the system through a louvred intake
designed to reduce the airflow to approximately four litres per second while maintaining laminar flow.
This intake is located near the nose of the aircraft approximately six ft in front of the propellers.
The air sample is then passed into the ion counting instruments located in the bomb bay through a
brass tube two inches in diameter. In the bomb bay the airstream is first passed into a Y pipe sec-
tion which divides the air flo" in half and then passes through two identical systems in parallel. In
each system the airstream is first passed through an electrostatic filter which removes all ions

mobility greater than 0.7 cm 2 /sec volt. The air sample next passes through the 'large-ion
counter,' then into an output tube, and is finally exhausted into the radio compartment. The velocity
of air through the instrument is measured with a Hastings Precision Thermal Anemometer Probe
mounted in the output tube. The output of this instrument is recorded on a two-channel Brown
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Electronik Recorder. The special advantage of the Hastings Air Meter for air flow measurements
in the free atmosphere is that the correction which must be applied for density variations with alti-
tude can be easily determined.

The large-ion counter used in these experiments is essentially the same as the one designed
by TORRESON and WAIT [ 1934] fur surface measurements with special modifications for aircraft
use. It consists of three concentric insultted cylinders approximately one meter long. The air
stream passeb between the central and intermediate cylinders 1.27 cm apart, made of highly polished
stainless steel. A dc voltage is applied across the intermediate and outer (grounded) cylinders. The
central cylinder is connected to ground through a resistance of the order of 1010 ohms. The voltage
developed across this resitance, determined by the rate at which charged particles in the air stream
are drawn to the central cylinder under the influence of the applied electric field, is measured with
a vibrating reed electrometer and recorded on a Brown Recorder. By suitably adjusting the air flow
and applied potential all charged particles in the air stream of either sign with mobility greater than
2.0 X 1 0

- 4 cm 2 /sec volt can be measured with this instrument.

If the atmospheric ions were distributed in such a way that there were no ions with mobility
less than the limiting mobility of this instrument, the measurement of large-ion concentrations would
be relatively simple. With the airflow and applied potential adjusted to obtain 'saturation' for the
instrument, the large-ion content may be obtained from the relation

i = WNe ............................. (1)

where i is the electrometer current, W the airflow through the system, e the charge per ion, and N
the concentration of large ions of one sign. However, in agreement with results reported by ISRAEL
[1933], SIKSNA [1952], and others, preliminary laboratory experiments showed the existence of atmos-
pheric ions with mobility lower than the limiting value for this instrument. For this reason the theory
developed by ISRAEL [1931] is applied to determine the concentration of atmospheric ions from the
current-voltage characteristic of the large-ion chamber. Israel's analysis shows that if the concen-
tration of atmospheric ions remains constant during the period of measurement which in our experi-
ments is approximately 20 minutes, then the concentration of charged particles of one sign in the
mobility range kg to O is given by

co

din =Z - VdZ/dV ......................... (2)

where dn is the ion concentration in the mobility range k to k dk. The limiting mobility kg is obtained
from the relation k = Wi4?rCV, where W is the airflow, V the maximum applied potential and C is the
capacitance of the chamber. With Z = i/W e plotted versus V the applied potential (2) is the equation
of a straight line which is tangent to the Z versus V curve at the value of V corresponding to kg and
which intercepts the ordinate at the pointf co dn.

g
Ir. the free atmosphere the concentration of large ions is seldom constant, although the fluctua-

tions at constant altitude were often found to be less than at the surface. If the ion spectrum does
not vary signiicantly during the period of measurement, errors introduced in the current-voltage
characteristic due to varying ion content can be eliminated with the experimental arrangement
described above. The voltage on one of the two large-ion chambers in parallel is varied in arbitrary
steps while on the second, the 'reference system,' a constant potential is maintained. A character-
istic independent of the absolute number of ions is obtained by plotting Z/Z o versus V; Zo = io/W o e
is obtained from the reference system. The analysis is essentially unchanged by this modification.
Thus, the total ion concentration in the mobility range 2 x 10- 4 to 0.7 cm 2 /sec volt, which we will
refer to as the large-ion concentration, is equal to the value of the ordinate at the point where the
tan ent intercepts the ordinate times the average value of Zo . (All ions in the mobility region 0.7
cmg/sec volt to o are removed with the electrostatic filter.)
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The maximum experimental error in the measurement of electrical conductivity is +6 pct;
relative humidity ±7 pet; temperature +1°C. The experimental error in the large ion measurement
due to the accuracy with which circuit parameters can be deter ined is ±7 pct. To this must be
added an error which is a function of the magnitude of the large-ion concentration; the error in the
ratio Z/Z 0 is only a few per cent for concentrations above 1000 per cc and approaches ten per cent
for concentrations of the order of 200 per cc.
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Fig. 3--Variation of absolute humidity (A.H.), temperature (T), positive large-ion

conecentration (N+), and total electrical conductivity (X) with altitude abovesea level (Z), February 18, 1953, Bedford, Massachusetts -Sebago, Maine,
local time, llh 00m - 15h 00m

Observations: Variation with height

General description--In Figures 3, 4, 5, and 6 are shown the variation with altitude of electri-
cal conductivity, positive large-ion content, temperature, and humidity observed on four flights.
The most striking characteristics of the vertical distribution of the measured parameters which
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4 Fig. 4--Variation of absolute humidity (A.H.), temperature (T), positive large-ion
concentration (N., and total electrical conductivity (X) with altitude above
sea level (Z), January 5, 1953, Bedford, Massachusetts - Sebago, Maine,
local time, 12h 30m - 17h 15m

A have been observed on all fair-weather flights are shown on these curves. The results show that in
fair weather over continental areas the troposphere is divided into two layers with distinct electrical

- characteristics. The lower layer is characterized by high large-ion content, high humidity, and low
-S electrical conductivity. At constant altitude in this layer the small-ion content deduced from con-

du.tivity measurements is approximately inversely proportional to the large-ion co.-tent. The con-
ductivity, large ion, temperature, and humidity records show that the horizontal variations of these
parameters tend to decrease with altitude, except in the vicinity of the top of the layer where large
fluctuations are usually observed. Hereafter, this lower region will be referred to as the exchange
(austauch) layer. The depth of the exchange layer has been found to vary from 1000 to 10,000 ft in
the course of this investigation.
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Fig. 5--Variation of absolute humidity (A.H.), temperature (T), positive large-ion
concentration (N+), and total electrical conductivity (X) with altitude abovesea level (Z), November 8, 1953, Concord, New Hampshire - Dover, New E
Hampshire, local time, 16h 40m - 18h 25m

At the top of the exchange layer a change to a more stable temperature lapse rate is observed,which sometimes consists of an inversion. In a transition region varying in depth from a few hundred0
to a few thousand feet there is observed a sharp change in the large-ion concentration, 2lectrical con-

SI . Dring e course o Tese experimen e aco s een oun
to increase In is reion by factors ranging from 1.5 to 6 and the positive large-ion content has beenfound to decrease by a factor of 1.5 to 100. Horizontal variations of the electrical properties andhumidity reach a maximum in this region. Passing upward through this region a noticeable decreasein mechanical turbulence is also observed throughout the daylight hours. This is noted by a pro-nounced decrease in the random tossing of the aircraft and also by a sharp decrease in the instan-taneous fluctuations about the mean in the aerograph air speed records. Above this transition region,the large-ion content is reduced to very low values often close to zero, and the electrical conductivityincreases rapidly with altitude in the same manner as determined from earlier experiments. Z
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Fig. 6--Variation of absolute humidity (A.H.), temperature (T), positive large-ion
concentration (N4), and total electrical conductivity (A) with altitude above
sea level (Z), August 18. 1953, Dover, New Hampshire - Raymond, New
Hampshire, local time, 09h 20m - llh 40m

To illustrate the general nature of the distribution described above, the results of conductivity
and large-ion measurements obtained on nine flights chosen at random between December, 1952, and
August, 1953, over a fixed flight path in New Hampshire are summarized in Figures 7 and 8. As
shown on the figures, H, the depti of the exchange layer, varies between 3200 and 9400 ft. In Figure
7, the ratio of the height h at which constant altitude measurements were obtained to the height H of
the exchange layer is plotted as a function of the ratio Xm/c. "Am is the measured value of conduc-
tivity at height h and )Lc is the computed conductivity value assuming equilibrium exists between the
production of small ions by cosmic radiation and their destruction by volume recombination. Using
the results of Thomson's theory for the volume recombination ccefficient, the polar conductivity of
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DATE H (FEET)

1. DEC. 29, 1952 5500
2. JAN. 5, 1953 8200
3. FEB. 10, 1953 4300 ,

=2.0 ,

4. FEB. 18, 1953 4500
5. MAR. 3, 1953 3200

6. APR. 15, 2953 7000
7. AUG. tS, 1953 8200

S B. AUG. 28, 1953 0400-1445) 94009. AUG. 28, 1953 (1900-1945) 00

I0

0 0.5 .O .5

Fig. 7--Aircraft altitude (h)/height of exchange layer (H) versus conductivity
measured (km)/conducfivity computed from cosmic ray data (\)

DATE H (FEET)

1._ _ _ . DEC. 29, 1952 5500

2. JAN. 5, 1953 8200
3. FEB. 10, 1953 4300
4. FEB. 18, 1953 4500
5. MAR. 3, 1953 5200

h 6. APR. 15, 1953 7000
7. AUG. 18, 1953 8200
8. AUG. 28, 1953 (1400-1445) 9400

9. AUG. 28, 1953 (1900-1945) 8000

0 3 16 7

Nx I0 - 3 IONS/GM 3

Fig. 8--Aircraft altitude (h)/Ieight of the exchange layer (H) versus positive
large-ion concentration (N)
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air is given by the expression

Ac =(ekoM0. 2 5/C0.5 ) (io/E)0 .5 (Po/P)0. 5 (T/To)1.2 5 . . . . . . . . . . . . . . (3)

where e is the charge per ion, k. and Io are mobility and ionization intensity at normal temperature
and pressure, that is, at To = 2730 absolute and Po = 760 mm Hg. M is the average molecular weight
of ions in air, C is a constant with the value 1.73 X 10-5 cm 3 /sec, f Is a probability function which
is a function of temperature and pressure. The exact expression for Xc was used In the present
computation because the approximation in CALLAHAN and Others (1951] does not hold with suificient
accuracy below 5000 ft. This manner of representing the results is necessary to illustrate the gen-
eral features of the distribution because of the large variations in the height of the mass exchange
1 -,r from d y to day. Above the exchange layer the ratio Xm/kc should approach ur, ty if the simple
ype of equilibrium assumed in the derivation of (3) exists. The results show a maximum deviation

of ten per cent from this value which may be due to statistical fluctuations In cosmic ray intensity
or to small variations in the value of the constants used in the computation of Xc. Large fluctuations
_.,i this ratio are to be expected in the exchange layer because of large variations in nuclei content
and rate of production of ions from day to day. The results given in Figure 7 show a maximum
fluctuation about the mean of approximately 80 pct. In Figure 8, h/H is plotted as a function of N+,

A the concentration of positive large ions. The layer-like nature of the conductivity and large-ion
distributions in the troposphere is clearly indicated by these figures. The application of these
simultaneous large and small ion measurements to a study of ion equilibrium in the exchange layer
will be discussed in a later paper.

Variability of profile in exchange layer--Figures 3 to 6 were chosen to illustrate the general
featu~r-v; the vertic. 1 distribution of the electrical parameters in the lower troposphere and to
show the variability in the height of the exchange layer, in the magnitude of the measured parameters

and the complexity of the profile often observed in the exchange layer. In general, the observed
profiles can be explained in terms of the vertical temperature distribution and horizontal winds;
for example, significant changes fn the distribution of charged nuclei are always accompanied by
changes in the temperature lapse rate.

Since in the exchange layer, it has been found that variations in conductivity are largely brought
about by changes .nuclei content, it is considered sufficient to describe only the charged nuclei
distributior in further detail. In this region, the profiles of charged nuclei can be roughly divided

# into five types which are illustrated in Figures 3 to 8.
(1) Approximately 55 pct of the results show a de-rease with altitude to the top of the exchange

layer (-ee ?igure 3 and curves 1, 3, 4, 6, 8, 9 of Figure 8). This is usually accompanied by a small
increa o:. , a continuous decrease in absolute humidity with altitude and an approximately constant
temperatu::e gradient from 1000 ft to the top of the layer.

(2) A nearly uniform distribution with altitude has been observed throughout the exchange layer
on about five per cent of the flights (see curve 2 of Figure 8). This type of distribution is accompanied
by high winds, intense turbulence, and an adiabatic temperature lapse rate. The conductivity and
absolute humidity distributions are simi.ar to type 1. Both types 1 and 2 were usually developed by
early afternoon and thus are characteristic of a fully developed turbulent layer.

(3) On approximately ten per cent of the flights there was observed first a decrease, then an
A- increase with altitude to the top of the exchange layer (see Figure 4 and curves 5 and 7 of Figure 8).

As shown in Figure 4, the conductivity distribution is roughly the inverse of the large-ion distribu-
tion. When this type of distribution was observed a cloud deck often developed later in the d~y in
the region of increase of large-ion content with height.

(4) Several of the late afternoon and evening flights, approx, matdy ten per cent of tht total, show
first an increase with altitude, then a decrease to the top of 4he ixchar.ge layer (see Figure 5). The
temperature gradient is observed to be more stable at lower .evels t. n at intermediate levels. The
results suggest that although the sou.ce of nuclei has been cut iff, enough residual turbulence re-
mains to transport vertically nuclei that have been previously irtu oduced into the atmosphere.

0c.
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(5) The morning flights, consisting of about 20 pct of the total, generally show the most com-
plicated nuclei distributions. The concentration of nuclei up to the level to which turbulence has
penetrated is significantly higher than the concentration at higher altitudes in the exchange layer.
That is, properties of the exchange layer determined by the previous history of the air mass are
being modified due to the influence of turbulent mixing (see Figure 6). (This example is further
complicated by an increase of nuclei at the top of the exchange layer, characteristic of Type 3.)
Periodic measurements carried out throughout the day show that when vertical mixing penetrates
to the top of the exchange layer, usually by early afternoon, this develops into a dist ibution of
Types 1, 2, or 3.

Table 1--Limits in variation of conductivity and large-ion content

Total conductivity
(sec - 1 ) e s u x 104 N+ (no./cm3 )

Mean Mean

Altitude In Above In Above

above Limits of exchange exchange Limits of exchange exchange
sea level variation layer layer variation layer layer

ft
1,000 0.62- 3.10 1.71 ... 496-14,000 2519 ...
2,000 0.30- 5.70 1.95 ... 131- 7,000 1577 ...

3,000 0.32- 6.00 2.45 0- 5,700 1250 .. .

4,000 .0.40- 6.38 2.80 4.2? 63- 4,887 1139 352
5,012C 1.32- 6.70 3.52 5. .89 0- 4,120 770 247
6,000 0.80- 7.21 4.45 5.88 0- 3,280 744 156
7,000 1.50- 8.59 4.48 7.14 0- 1,920 480 133
8,000 1.65- 9.52 4.79 7.22 0- 2,320 701 335
9,000 3.75-10.28 5.37 8.57 0- 1,650 353 195

10,000 4.26-11.10 . .. 8.90 0- 1,200 ... 230
12,000 6.92-14.58 . . 12.05 0- 875 . .. 118
15,000 7.38-19.75 ... 15.16 0. 2,450 ... 275

Limits of variation--The limits of the variation in the electrical parameters, conductivity and
positive large-ion content as a function of height above sea level observed during the period of this
investigation are shown in Table 1. Along the flight path the elevation of the surface above sea
level was approximately 250 ft. The limits of variation in total nuclei content can be obtained by
using the experimentally deterz'ned value 2.5 for the ratio of uncharged to charged nuclei [LANDS-
BERG, 1938, p. 210] and in agreempnt with the results of the present experiments assuming the
positive large-ion content equal to the negative. Ihe extreme variability of these parameters in
the altitude range 3000 to 9000 ft is partly due to the fact that these levels wE.re sometimes in the
exchange layer and sometimes above F. The variation indicated at 2000 ft is representative of the
variation at a given level when the resu'ts are restricted to data obtained in the exchange layer.
The limits of variation above 10,000 ft were 0-500 ions/cc except for three days in August when
nuclei penetrated the boundary of the exchange layer. Changes in air mass accounted for some of
tne largest variations in nuclei content observed on - accessive day;. Arithmetic means of electri-
cal conductivity and positive large-ion content for ail observaticns are also given in Table 1. At _
altitudes which were sometimes in the eychange layt r and sometimes above it, means were corn-
puted for these two cases. The average values must be viewed with caution, since the v~rtical
distribution obtained from these values does not give an accurate picture of th. profile cn indivi- S

dual days.
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Variation with area--The general character of the vertical distribution described above is
-found to be essentially unchanged with area even over mountainous regions. Experiments carried

out in the summer munths in the mountainous regions of Southern California over peaks up to
14,000 ft above sea level show that the exchange layer exists over mountains but is reduced in
depth. The layer in this region was found to vary from a few hundred to 5000 ft in depth. Thus,
the records show, for example, the electrical conductivity 1000 ft above a peak 7000 ft above sea
level was four times loxer than the conductivity 8000 ft above sea level over a valley a few miles
away. These results lead us to believe that the large differences between the conductivity values
reported by PLUVINAGE and STAHL [1953] at Central Station Greenland, altitude 2.99 km during
July and August, 1951, and the results of our earlier measurements at the same altitude in the free
atmosphere are due to the fact that the exchange layer extended above Central Station during the
period of measurements. During the %inter months when convection is greatly reduced, undoubtedly
the exchange layer does not penetrate the top of many high mountains; then this important difference
between surface and free air measurements will be reduced or entirely eliminated.

These experiments have been carried out through all months of the year. The most significant
seasonal trends are an increase in the average height of the exchange .ayer in the summer months;
in New England the average height in January and February was appreximately 4500 ft, while in
August it extended to approximately 8000 ft. There was al.:o observed a higher nuclei content on
the average above the exchange layer in the summer months. Two flights in August show that large
ions penetrated the boundary region in the middle of the day as turbulence reached a maximum even
though the temperature gradient remained very stable in the vicinity of the boundary.

Discussion of results

Identification with friction layer--The simultaneous measurements of temperature and humidity
distributions as well as the information obtained on atmospheric turbulence, described in the last sec-
tion, show that in general the exchange la, er is to be identified with the layer found in many meteorolog-
ical records which meteorologists refer to variously as the austauch, iriction, turbulent, and boundary
layer. The layer is characterized by a nearly adiabatic temperature lapse rate with a sharp de-
crease in lapse rate at the top, uniform specific humidity and in many cases obviously pvredu:ced by
frictional turbulence. It is the layer in which the horizontal wli,. velocity differs from the wind
velocity in the general circulation because of the frictional influence of the surface of the Earth.
There are occasions when the boundary of the exchange. layer defined as the maximum altitude at
which large spatial fluctuations in the electrical properties occi.. does not coincide with the turbulent
layer. For example, in several of the morning flights the exchange layer determined by the previous
history of the air mass was found to be continually modified by an unstable turbulent layer.

Application of thermodynamic principles to the observed temperature distribution shows how the
upper boundary of the exchange layer acts as a barrier to the vertical transport of nuclei, water
vapor. etc. Upward moving elements of air are cooled at the adiabatc lapse rate (approximately one
degree C for every 100 meters of ascent) so that as soon as an air sample passes through the top of
the exchange layer its temperature is less than its surroundings. The density of the upward moving
element will then be greater than that of its surroundings and thus it will sink back to a lower level
unless a very strong mechanical force pushes it upward. The same analysis applies for a downward
moving element.

Role of atmospheric turbulence--The principal facto:s controlling the mean state of turbulen.e
in the atmosphere and thus the vertical distribution of nuclei and all physical propertIes produced
at the surface are known from past investigations [MALONE, 1951]. The most important of these
are gradient wind velocity, roughness of the surface, vertical temperaturL distribution and lhtitud o

Results showing the dependen(a of the profile of the electrical properties on temperature lapse rattL
and wind velocity were indicated In the last section.

The theoretical investigations of the effect of turbulence cn mean motions Jr. the atmosphere by
ROSSBY and MONTGOMERY [1935] give a definite upper limit to the layer of trictional influence



39

which can be written in the form

H =C Wa/Iln [(za + Zo)/Zo] ..................... (4)

where C is a constant, Wa is the total wind velocity at anemometer height Za, the Coriolis Parameter
f = 2cosin L, where w is the angular velocity of the Earth, and L the latitude, z is a length charac-
teristic of the roughness of the ground. Thus, over a region with constant roughness parameter zo,
the height should be proportionai to t'he wind velocity at anemometer level. All data on the height
of the exchange layer over the New England flight path has been plotted as a function of wind velocity
for the same period obtained from local surface stations to determine whether surface wind meas-
urements can be used to predict the height of the exchange layer for individual days. As shown in
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F.-gure 9,hoee~ ierrltvii o on.Ti disagreement is probably largely caused by the
simlifingassmptonsruae i th de~b~men ofthetheory where an adiabatic temperature lapse,elevation were assumed. Because it was
ruture inversions or marked instability at

thesti ice igh cus, wc' scttr u idJ-dua rsulsRossby and his collaborators used
aveage oflare r-x-.tersofobsrvaion !r te oigialcheck of the theory.

These results indicate that interested surface .tacions could not obtain a reli-"le estimate forthe height of the exchange layer irom the Rossby theory. However, comparison of the present results
with simultaneous biloon sode da 4 shows that H can be aurately obtained from temperature and
humidity balloon son&~ rocords.

Columnar resistan e over contira nt - -1 i | of interest to consider the effect of these results on
our understanding of the columnar resistcas of the atmosphere over continents. The resistance R
of a vertical column of the -tnosphere one cm 2 in cross section extending fom the Earth's surface

'to the height h is equal tof0 r dh; the atmospheric resistivity r 1/. + onu).
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The results of the balloon Explorer II indicated that the total columnar resistance from the
Earth to the upper conducting layers was of the order of 1021 ohms. The present resulth give values
of R varying from 9 x 1020 to 2.5 × !021 ohms. R was computed from conductivity values; measured
values were used to 15,000 ft and values computed from (3) assuming cosmic radiation the only
source of ionization were used at higher altitudes.

Computations of the resistance of a vertical column one cm 2 in cross section from the surface
to the top of the exchange layer have been found to vary considerably from day to day and with time
of da, and amount to from 40 to 73 pct of the total resistance; the average value was found equal to
approximately 60 pct of the total. These results were obtained in a relatively unpolluted area. The
contribution of the resistance of the exchange layer to the total in industrial areas must be greater
on the average. Variations in the resistivity of the exchange layer brought about by meteorological
factors through their control of the vertical distribution of atmospheric nuclei w'll therefore have a
significant influence on the total columnar resistance of the atmosphere even though it is generally
restricted to the lowest three kilometers.

As would be expected from the previous discussion, the altitude variation of R computed from
conductivity values is subject to considerable variation. The results obtained on three flights chosen
arbitrarily are given in Figure 10; the altitude variation of R obtained from the Explorer II results

is given for comparison.

The results given above, under Observations, agree qualitatively with the atmospheric model
suggested by WAIT [1942] and :ater employed.by Israel to explain atmospheric electric measurements
at the ground. Wait assumed that the columnar resistance could be considered as divided into two
parts: R 1 , a lower component varying with local time, and Ru, a component constant in time. How-
ever, the assumptions made in determining the height to which local influences penetrate leads to
misconceptions about the electrical characteristics of the atmospheric friction layer. For example,
the present experiments show that the height of the layer often varies in a systematic manner through
the day and is also found to vary many thousands of feet from day to day in a given season. Further-
more, the assumption that the atmospheric resistivity is constant throughout the exchange layer is
not valid in general.

Summary

(1) The height of the exchange layer varies between 1000 and 10,000 ft, with an average value
of approximately 6000 ft. It varies with season, reaching a maximum in the summer months.

(2) At all altitudes in the exchange layer, the limits of variation of charged nuclei were greater
than an order of magnitude for the days investigated.

(3) The vertical distributions of large ions can be roughly divided into five types which can be
explained in terms of atmaospheric turbulence, that is, temperature gradient,, horizontal winds, etc.

(4) Throughout the exchange layer the smal-ion content, and therefore, the electrical conduc-

tivity is determined primarily by the magnitude of the nuclei concentration.
(5) Horizontal varia lions of large-ion content, conductivity, and Ldmidity reach a maximum in

the transition region at the top of the exchange layer.
(6) At the top o? the exchange layer, a change to a more stable temperature lapse rate is ob-

served.
(7) A sharp change in the magnitude of the absolute humidity, nuclei content and conductivity

is observed at the top of the layer.
(8) A reliable estimate of the height of the exchange layer can be obtained from temperature

and humidity balloin sorde records. Th. Rossby theory does not hold with sufficient accuracy for
individual days.

(9) In general the profiles of absolute humidity and charged nuclei are similar.
(10) The exchange layer exists over mountains, though reduced in height.
(11) The exchange layer was found to contribute 40 to 73 pct to the total columnar resistance

of the atmosphere.
(12) The exchange layer can be identified with the atmospheric friction layer.
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DATE H FT ASYMPTOTE

FEB 18, 1953 4500 1.78 X 102. _

MAR 3, 1953 3200 1.61 X 1021.

AUG 24,1953 9000 2.37 X 10
2
L

NOV. II, 1935 EXPLORER 3Z 1.04 X 1021

(BALLOON FLIGHT)
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Fig. 10--Resistance (R) of air column 1 cm2 in cross section as a function
of altitude above sea level (Z)

(13) Immediately above the transition region the concentration of charged nuclei of one sign

averages approximately 200 ions/cc.
(14) Above the exchange layer the electrical conductivity is determined primarily by the inten-

sity of cosmic radiation, in agreement with earlier experiments.
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(15) In the cases examined, the ratio N+/N was found equal to unity on the average with a
maximum departure of +0.17, in the altitude range 1000 to 15,000 ft.

inThe authors wish to acknowledge the work of Roland Matson and Maria Mahoney, who assisted
in carrying out the experiments and in the analysis of the data. We also thank the personnel of the
6520th Flight Test Squadron, Hanscom Air Force Base, Bedford, Massachusetts, who flew and
maintained the aircraft.
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CONDUCTIVITY MEASUREMENTS IN THE STRATOSPHERE
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Abstract--The electrical conductivity of the atmosphere from ground up to 100,000
ft was measured during a series of five balloon flights made in 1953. The tests indicate
that the conductivity of the atmosphere increases monotonically up to the maximum
height at which measurements were made. The variation of conductivity with altitude
follows closely the variation expected from cosmic ray intensity data. On none of the
flights was there a clear indication that the conductivity diminishes in the region of
65,000 ft above sea level as obtained during the Explorer II flight in 1935. We conclude
that the phenomenon observed on Explorer II is not a universal one.

Introduction--Prior to 1953, the only measurements, to our knowledge, that were made of the elec-
trical conductivity of the stratosphere were those obtained by GISH and SHERMAN [1936] during the
famous flight of the balloon Explorer If in November, 1935. On this flight, the conductivity was found
to increase with height until an elevation of 62,000 ft was reached. The conductivity then began to
diminish and continued doing so up to 72,000 ft, the maximum elevation attained by the balloon.

This diminution in conductivity could not be explained by Gish and Sherman in a completely
satisfactory manner. Their best hypothesis was that the diminution was due to the presence of
Aitken nuclei in this region of the stratosphere. But this hypothesis raised even more questions.
Why are such large particles found in this region of the stratosphere? Are they formed there or
do they originate at the surface of the Earth and ascend to this region? If the former is so, what
are the agents responsible for the formation of nuclei? If the latter, what is the mechanism by
which nuclei are transported to this region of the stratosphere? And why should this region be
favored with the accumulation of nuclei? Is this low conductivity regic Xmited between 62,000
and 72,000 ft or does it extend higher into the stratosphere? Also, since only one flight was made,
the question is immediately raised as to whether the effect observed on Explorer II is a universal

phenomenon or just an isolated case.

This matter lay dormant until 1951 when HOLZER and SAXON [1952] raised some of the above
questions in their theoretical paper on the current distribution in the vicinity of thunderstorms.
And then in 1953, McDONALD [1953] attempted to account for the presence of inclei in the lower
regions of the stratosphere. He examined the hypothesis that thunderstorm updrafts carry nuclei
from the lower levels of the troposphere- where nuclei are plentiful, through the troposphere and
inject them into the lower regions of the stratosphere. He concluded that this hypothesis Is in-
capable of explaining the conductivity observations that had been made up to that time.

In an effort to answer some of the questions raised by the Explorer II flight and to extend the meas-
urements of the conductivity of the atmosphere up to 100,000 ft, this investigation was undertaken.

Experimental method--The instrument used for measuring the conductivity of the atmosphere
is a modified Gerdien-type chamber which has been described previously [CORONITI and Others,
in press]. It consists essentially of two concentric cylinders across which a given voltage is applied.
Air passing through this chamber gives up a fraction of its electric charge to the inner electrode
which is connected to a dc electrometer-amplifier. This in turn drives a standard radiosonde trans-
mitter operating at 1680 megacycles per sec. The signals from the transmitter are received at the
ground and recorded automatically. The following parameters are periodically telemetered: con-
ductivity, temperature, pressure, and certain reference signals used as an indication of the reli-
ability bf the instrument. 43
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The conductivity chamber is transported into tie stratosphere by means of a single )lastic
balloon or by a cluster of rubber balloons, the av.;rage rate of ascent being apprcximately 1000
it/min. At the end of a predetermined time inte zval, long enough to permit the balloon to reach
maximum altitude, the balloon is cut down automatically. The instrument then descends by para-
chute at a rate which is approximately 7000 ft/min at the beginning of the descent and about 2000

N.- ft/min at the end of the descent.

To minimize the electrostatic effects of the balloon and parachute on the instrum.nt, the con-
ductivity chamber is suspended several hundred feet below the balloon on the ascent and the same
distance below the parachute on the descent.

Experimental results--All the flights were made during the daylight hours at Holloman Air
Development Center, Alamogordo, New Mexico. Out of a total of eight flights, five were successful.
These occurred on July 16, and on October 21, 27, 28, and 30, 1953. The maximum heights attained
during these flights were 68,000, 72,000, 82,000, 90,000, and 100,000 ft, respectively. SincP the
variation of conductivity with altitude during all of the flights was essentially the same, we shall
restrict the discussion to the last two flights, the ones which attained altitudes of 90,000 and 100,309
ft, respectively. We shall refer to these as Flights 4 and 5.

CUT DOWN
-- - 90 -

8 0 t-

-_o 
70[-

5 0I

-40

3 0"

20-

20LI - I I I 0 -

01 1500 1510 1520 1530 1540 1550 1600 1610 1620 1630 1720 1730 1740 1750 1800

LOCAL TIME

X i Fig. 1--Time-altitude relationship on Flight 4

On Flight 4 the conductivity chamber was carried aloft by an 80-ft plastic balloon. Figure 1
shows the altitude of the chamber as a function of time. This information is necessary in deter-
mining whether the air flow through the chamber is sufficient for proper operation. On this figure,
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the altitude values were calculated from the telemetered pressure readings by means of the
data of the ROCKET PANEL [1952].

It is obse:ved that the instrument was carried aloft at a fairly constant ascent rate of approx-
imately 1000 ft/min to an altitude of about 70,000 ft. The ascent rate decreased gradually from
70,000 ft to 87,00& ft, where the balloon practically ceased rising. For about an hour the balloon
floated at almost constant altitude. At a predetermined time the conductivity chamber was sepa-
rated from the balloon and descended by parachute. It Is observed that the initial descent rate was
approximately 7000 ft/miu. The descent rate gradually diminished to a value of about 2000 ft/min
at the lower levels of the atmosphere.

I00 XI03

90- ASCENT

80- ......................... DESCENT

70-

60
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40-
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20[

I 0'- }

90 200 210 220 230 240 250 260 270 280 290 300

T(OK)

Fig. 2--Altitude-temperature relationship on Flight 4

Figure 2 shows the temperature as a function of height on Flight 4 for both ascent and descent.
It is observed that the temperature minimum of approximately 200'K occurs at about 55,000 ft above
sea level. rhe temperature distribution is used in the calculation of the expected conductivity val- "I

ues in the atmosphere as well as in the indication of the height of the tropopause on this particular
day. The latter information is of use in the consideration of problems such as the probable distri-
butn. ,f Aitken nuclei in the atmosphere.



4o

b0oX 10

90-

80

ii 70

60.

h(ff) 50 -

40-

.m 30-

20-

10 20 30 40 50 60 70 80 90 100 110 120 130 140 ISO

X (sec')x,o4

Fig. 3--Relationship of negative conductivity to altitude on ascent, Flight 4
(dashed line represents theoretical curve)

The values of conductivity measured on the ascent of Flight 4 are shown by the solid line in
M__ Figure 3. It is observed that, in general, the conductivity increases with altitude but that consid-

erable variations exist. These variations become so pronounced at the higher altitudes that it is
impossible to say whether any regions with abnormal values of conductivity exist in the strato-
sphere. We shall reserve until later the question of whether these fluctuations are due to real
phenomena in the atmosphere or to instrumental difficulties.

Figure 4 shows the values of conductivity measured on the descent of Flight 4. The descent
data are markedly different from the ascent data, and there is practically no fluctuation in the con-
ductivity values. In fact, the descent curve is so smooth that any regions of abnormally low con-
ductivity would have been detected easily. None were.

On Flight 5 th2 measured temperatare as a function of altitude and the a .itude of the balloon
as a function of time were very similar to those obtained on Flight 4. Figires 5 and 6 show the
measured conductivity values for ascent and descent on Flight 5. The characteristics exhibited
by these curves are very similar to those exhibited on Flight 4, shown in Figures 3 and 4. The
same characteristics were found on all of the successful flights.

The results of the conductivity measurements may be summarized as follows: (1) In general,
conductivity increases with altitude. (2) The values of conductivity measured during the ascent
show considerable fluctuation, quite small at the lower elevations but very pronounced at the higher
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Fig. 4--Relationship oi negative conductivity to altitude on descent, Flight 4
(dashed line represents theoreti~cal curve)

altitudes. (3) The values of conductivity measured during descent show practically no fluctuation.
(4) The descent data show that the value of conductivity increases reonotonically with increasing
altitude. There is no indication whatsoever of regions with abnormally low values of conductivity
in the range of altitudes investigated.

Theoretical calculations--In this section we shall calculate the values of conductivity as a
function of altitude to be expected from cosmic ray intensity data. The equation governing the
time rate of change of atmospheric ions is given by

dnnq _ n2 -3N n ......................... (1)
dt

where n represents the concentration of small positive or negative ions (ionsicc), q the rate of
production of ions (ion pairs/cc sec), az the re.combination coefficient between small ions, N the
concentration of Aitken nuclei, charged and uncharged, and 13 the :ombination coefficient between
nuclei and small ions. Thrus, the azn2 and 13N n terms represent the destruction of small ions
due to combinatior with small ions and Aitken nuclei, respectively.

If ionic equilibrium exists and no nuclei are present in the regio~i of the atmosphere under

consderaonthenq = an2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (2)
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The conductivity of the atmosphere is given by

X =nek ............................ (3)

where X represents the conductivity, e the unit electrical charge and Kk- the mobility of the small
ions. From these equations we immediately obtain

................................................... (4)

Thus, the conductivity of the atmosphere, assuming ionic equilibrium and the absence of nuclei,
may be calculated from a knowledge of q, a:, and k.

The rate of production of ions, q, was obtained from Millikan's cosmic ray intensity data
[BOWEN, MILLIKAN, and NEHER, 19381 obtained at San Antonio, Texas. in 1938. Cosmic ray
intensities at Texas in 1938 may not be the same as those at New Mexico in 1953, but nothing
better was available. Millikan's data are expressed in terms of ion pairs/cc sec at a pressure of
76 cm Hg and 20'C. To reduce these to the values to be expected for our measured temperatures
and pressures, we made use of the relation that the ionization intensity is directly proportional to
the density of the gas.
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The mobility, k, as a function of altitude was calculated using a value of 1.3 (cm/sec)/(volt/cm)
as the mobility at 273°K and 76 cm Hg (this value having been measured by several investigators)
and the relation that the mobility of the ions is inversely proportional to the density of the gas.

The recombination coefficient, ce, was calcv.,Iated using the Thomson theory of volume re-

combination [LOEB, 1939, p. 112]. According to this theory

= 1."/5 x 10-5 (273/T)3 / 2 (1/)1/2 f (x)....................(5)

where T represents the absolute temperature, M the molecular weight of the ions In question, and
i (x) the probability that recombination will occur after the ions have approached to a certain criti-
cal distance where active attraction sets in. The probability function is given by

f(x)=-(4ix2) [1-eX(x1)] 2 . . . . . . . . . . . . . . . . . . . . . (6)

where the independent variable, x, is

x = 0.81 (273/T)2 (p/760) LAJ/L ...................... (7)

and where p represents the pressure in mm Hg, and LA/L is the ratio of the mean free path of a

molecule to that of an ion at normal temperz -ure and pressure. The value of the ratio is approx-
imately three for air.
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The molecular weight of the ions ir, also unknown. This may be found by inserting a measured
value of a in (5). The value of a at 200C and 760 mm Hg has been reported by several investigators
to be 1.6 × 10-6 cc/sec. Using this value in (5) we obtain

-N o = 1.93 x 10-6 (273/T)3 / 2 f (x) ....................... (8)

5 as the relation for the recombination coefficient which was used in these calculations.

Having determined q, k, and a as a function of altitude, the values of conductivity as a function
of altitude were calculated by means of (4). The results of the calculations fr Flights 4 and 5 are
shown in Figures 3, 4, 5, and 6. These thecretical curves, we emphasize, are the curves to be ex-
pected if cosmic rays are the only source of ions and no Aitken nuclci are present in the atmosphere.
Aitken nuclei, if present in sufficient concentration, would cause a diminution in the values of con-
ductivity from those.calculated.

Discussion of results--Examination of the experimental and theoretical ascent curves, Figurs
3 and 5, shows that in the lower regions of the atmosphere the measured values of conductivity Ox-
hibit a moderate amount of fluctuation and follow the theoretical values appi oximately. In the higher
regions of the atmosphere, however, the fluctuations in the measured values become very pronounced
and the average value of the measured conductivity is definitely less than the theoretical value.

The descent curves, Figures 4 and 6, however, give an entirely different picture. In this case,
not only do the measured values of conductivity follow very closely the theoretical values, but there
is practically nc. fluctuation in the measured values throughout the entire region inVLstigated.

The question immediately arises as to why there should be such a difference in the ascent and
deocent results. Are the fl. .uations observed on the ascent indicative or conductivity liuctuations
in the atmosphere or is the effect instrumental? We have no delinitive a dwers to these questions
but shall mertion czome probable causes for the results obtained.

First, from the fact I -- t practically no fluctuations are present on the des:ent, we conclude
that the ascent fluctuations are iistrumental and not indicative of conductivity fluctuations in 'he
at. isphere. One may ai gue that the instrument descended so fast Lhat any conductivity fluctua-
tions thaL may have been present in the atmosphere were automatically averaged out. However,
when the rate of descent and the response of the instrument are taken into account it appears very
unlikely that this is so.

As to the possible reasons why fluctuations are present on the ascent and not on the descent,
we may cite the following. The electrostatic charge on the balloon may very well have affected
the instrument on the ascent. This effect would, of course, be absent on the descent by parachute.
That balloons .harge up has been known for a long time, but the o.der of magnitude of this charge
is completely unknown, as far as we are zware. We did try to minimize this effect by suspending
the instiument several hundred feet below the balloon but interierence from the balloon cani,ot be
ruled out.

Another factor which varies between ascent and descent is the rate at which air flows through
the conductivity chamber. In Figure I note that the descent rate is much greater than the ascent
rate. What possible effect might this have on the conductivity readings? Figure 7 shows tLe cur-
rent-voltage characteristics of a conductivity chamber of the type used on these flights. The cu-ve
OACD is the experiment.l curve obtained under laboratory-controlled conditions, whereas OABCD
is ne theoretical curve for this type of chamber. If the chamber is operated on the linear portion
of the curve OB, then theoretically if the applied voltage across the chamber :S less tnan V2 the
conductivity measured should be independent of the speed of the air through the chamber. Experi-
mentally, however, we find that the applied voltage should be bluw V1 in order to ha ve the chamber
operating on the linear portion of the curve. In the case shown in Figure 7, V1 is about 26 pct lower
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Fig. 7--Current-voltage characteristics of conductivity chamber

than V2 . Under other laboratory conditions, V, was found to be from 20 to 50 pct lower than V2 .
Tbus to be sure that the conductivity chamber 's operating properly, the applied voltage should be
at least 50 pct lower than the calculated voltage V2 .

On descent, where the air speed was relatively high, we feel certain that the chamber was
operating on the linear portion of thc characteristic curva where the conductivity measured is in-
dependent of the air speed. On the ascent, however, the ierating voltage was not too much lower
than V2. Changes in air spcpd would therefore affect the measured values of conductivity. And the
speed of the air through the chamber was far from constant. Observation of the balloon as it as-
cends indicates tI-at its motion is quite irregular. Such conditions teid to mnike for fluctuations In
the conductivity values. This possible explanation also fits the fact that the mean value of the mea-
sured conductivity is lesb than the calculated value, far a low value of air speed means a low appar-
ent value of conductivity.

Thus the couductivity values obtained cn the descent are much more reliable than those obtainEd
on the ascent.

Conclusions--Assuming the descent data shown in Figtres 4 and 6 tc be reliable: we may make
the following conclusions:

(1) The conductivit, of the atmosphere increases monotozrically with hei6ht from ground up to
100,000 ft above sea level.
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(2) The measured values of conductivity agree very well with the clculated values based on
cosmic ray intensity data.

(3) No diminution in conductivity at 65,000 ft above sea level as observed on the Explorer II
flight was found. This means That during the periods of our flights no sigrificait concentration cf
Aitken nuclei were present -n this region of the stratosphere. This does not mean that nuclei arc

-~ ~ never present in the stratos. here. All we can say from our limited numuer of flight0 is tiat the
presence of nuclei in the stratosphere is not a universal phenomenon.

Acknowledgments--We are grateful to the members of the bzlloon un"t at Hollom'n Air De,€l-
opment Center, Alamogordo, New Mexico. for successfully launching the balloons used in this in-
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ON THE VARIATION OF ELECTRICAL CONDUCTIVITY OF AIR wrrI ELEVATION

Gerhard F. Schilling

institute oi '.eophysics
University of California, L. s Angeles, California

Abstract- -Measurements of the electrical conductivity of air have been made at both L
land and sea stations in California and in the Pacific Ocean. Ths observation sitps were
located in a variety of different climatic regions and ranged from shipboard locations to
mou- t ai- -Ts exceeding 4000 m in Elevation. The evaluation of the results shows a con-
sistent increase of the mean value of positive conductivity with station elevations, essen-
tially independent ot location. A similar consistency is found for the altitude variation of
the mean diarnal fluctuation which follows an exponential xpression, decreasing with el-
evation. The comparison of the surface mea3urement results with free atmosphere data,
obtainet by other investigators during airplane ana balloon flights, leads to uneApected
agreement between mean ab.;olute values at correspondhig heights. It is not yet possible
to present .complete explanation o! the observation but possible effects of the variation
of nuclei ard radioactive substances present in the atmosphere are discussed.

Introduction--The present paper is one of a series of articles presenting results of the atmos-
pheric-plectrical resear.-h program of the Institute of Geophysics at the University of Calfornia.
The principal objectives aid the methods of approach are described in another paper [HOLZER,
1935. Ir. the course of the eA;crimental investigationb which included field measarements of the
amospheric electrical potential gradient, air conductivity, and the air-earth current density, ob-. .
servations of the electrical conductivity of air were made at stations ranging in olevatiun from sea
!evel to 4030 m. Theoe measurements are of interest in themselves and the topic of this presen-
tation will be limited to a discussion of the results of such conductivity observations.

Instrumentation- -The equ'.pment used for measuring the atmospheric conductivity consists of
a cylindrical air flow condenser sy:tem of the type first used by GERDIEN [.905] and a current
measuring device. The kn current collected at the central electrode is passed through a resistance
of 1011 ohm. The resulting potential drop is measured with a vibrating reed electrometer and re-
corded with an Este.line-Anguis pen recorder with a one milliampere mcvement.

It is well known that one of the main problems of such measurements is the z eliability of abso-
lute values The calibiation method of SMITH [1953] was used and the system adjusted to record
polar conductivities di;ectl) in reciprocal ohm-meters timei 10-14 (esu x 10-4 = ohn-lm -1 x 0.9
x 13-14). The estim.ated aciuracy of the absolute calibration is ten per cent. It is pertinent to
mention th,.t the equipment has been compared with apparatus used by CALLAHAN and Others [1951]
for aircraft measurements and was found to agree within five per cent. Thus, the agreement with the
instruments of Callahan is better than the estimated zccuracy of the absolute calibration.

Observations- -The principal rnformation about the various measuring stations is giver .. Table
i. As car. be seen, both land and shipboard site-, as well as island locations have been included.
For purposes of comparison, a few additional stations where resalts have been obtained by other U-

inve.stigators [FARKINSON and WE.LFR, 1955; WAIT and TORRESON, 1948; WAIT, 1953;TORRESON
and WAIT, 1948] are shown. f.

During an attempt to compa.- die local characteristics cf the different stations which were
-.ituatee' In a variety of clmatic regions, it oecame apparent that the mean values of positive con-ductivity sl'-wed .4 cons'steia increase with the elevation of the observator site. Figure 1 illustrates
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Table 1--List of measurement sites

Designation Elevation Name Coordinates Period Location
mCRE 0 M/V Cres1t 12-120'W,25-30°N 1952 East Pacific Ocean

CHA 0 USCG Chautauqua 135°W, 33 0 N 1952 East Pacific Ocean
MIN 0 USCG Minnetonka 145 0 W, 290 N 1952 East Pacific Ocean
HOR 0 M/V Horizon 108-195 0W,30 0N-23S 1952-53 Central Pacific Ocean
WLA 115 West Los Angeles 11827'V,34°5'N 1951-54 Southern California
SLR 300 San Luis Rey 117 020'W,33 0 15'N 1953 Southern California
CAT 550 Catalina Island 118°25'W,33 0 25'N 1952 Coast Southern Calif.
SAG 750 Sage 116 0 55'W,33 0 35'N 1952 Southern California
LHS 900 Lake Henshaw 116 045'W,330 15"N 1953 Southern California
PMT 1730 Palomar Mountain l16°,0r,330 22'N 1952-54 Southern California
TMT 2290 Table Mountain 117 0 40'W,340 23'N 1953 Southern California
HAL 2900 Haleakala Mtn. 156 0 W,21°N 1953 Maui (Hawaii)
WM I 3350 White Mtn. I 118 0 W, 37 0 N 1952-53 Central California
WM II 3810 White Mtn. 1 l18°W, 37 0 N 1953 Central California
WM In 4030 White Mtn. II ll8Wm 37 0 N 1953 Central California
A 0 American Chief 2-75°W, 40-53"N 1952 Atlantic [PARKINSON

and WELLER, 1953]
W 240 Watheroo 115°E, 32 0 S 1924-34 Australia [WAIT and

TORRESON, 1948]
T 770 Tucson 110 0 51'W,320 15"N 1947-51 Arizona [WAIT, 1953]
H 3330 Huancayo 750 W, 12°S 1924-34 Peru [TORRESON and

WAIT, 1948]

this relationship in quite a decisive manner. Note that the individual mean values are not sti ictly
equivalent for this comparison, since the number of hourly samples for each station ranged from
as little as 24 up to a few thousands for certain sites. In spite of this obvious disadvantage, a def-
inite relation wtth elevation exists. it has been mentioned earlier that it is difficult to compare
absolute values of conductivity obtained by various authors, becausc of the calibration probiems
involved. Nevertheless the few values entered where comparable equipment has been used, show
a general agreement with our altitude relaticn.

The result that the mean -rariation of positive conductivity %ith elevation seems to be a con-
sistent phenomenon, is not too surprising, although such a relation could have beer expected a
priori oply under the assumption of more or less similar local conditions (with refereiice to nuclei
content and rate of ion production, as well as their time variations) at the va, ious measurement
sites. Obviously one would not have made such an a priori assumption In the light of much evi'dence
to the contrary at low level surface stations.

However, in Figure 1 the mean values of conductivity obtained by CALLAIIAN and Others [1951]
in the free atmosphere, and the computed relttion by GISH and wAVT [19501, based on airplane ard
Explorer H data, have been entered too. The rather good abreement between thee fi ee atmosphere
data and our s,'xface values could not have been anticipated and is indeed more difficult to explain
than any disagreement.

Before discussing this phenomenon, we wish to examine Figure 2, wherc the atitude variation
of F, the fluctuation of positive conductivity, is shown. The fluctuat.or. has been Iefined as the dif-
ference between the maximum and %nin-mum values of the mean diurna" variation, divided by tne
diurnal mean. Again we find a relation with station elevation, but a number of staticns seems to
dcviate appreciably. Referring to Table 1 it can be seen that these particular stations have local
characteristics quite different from a conventional surface station; they are ocean and island 4ites.
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Fig. 1--Variation of positive conductivity of air with altitude above sea level

Figure 2 shows that the majority of the stations follow a relationship which can best be approx-
imated by an empirical exponential function of the type

F = Fo + Aeh/f

where Fo is the abscissa value oi the asymptote, arbitrarily taken as corresponding to the mean

fluctuation found over oceans, A has the value of 0.85, and H is 2400 meters. If it can be assumed
that this decrease of the fluctuation vith elevation is principally due to the decrease of nuclei con-
tent with altitude, the height of 2400 m might very well correspond to the approximate average
height of the top of the exchange layer, as discussed by SAGALYN and FAUCHER [19551.

Discussion--In gener-l it can then be stated that the investigation has yielded three experimen-
tal results of significance.

(1) The increase of positive conductivity with elevation for surface stations shows a definite
consistency rather independent of location.

(2) Not only the rate of this increase, but also the absolute mean values at higher elevations
seem to be close to the corresponding values in the free atmosphere.

(3) The diurnal fluctuation of conductivity measured near the surface decreases with elevation

in a nearly exponential manner.
In discussing these results it is necessary tt, emphasize that they apply to mean values and there-

fore mean conditions of the electrical conductivity of air near the Earth's surface. This refers
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Fig. 2--Altitude variation of the fluctuation of positive conductivity of air

also to the mean fluctuation of the distinct diurnal variation well known to occur at all land stations
according to local time. Some additional information with regard to ocean measurements on this
point is presented by RUTTENBERG [ 1955].

When we look for the cause of this apparent consistency in the conducting properties of the

atmosphere, we are in effect investigating the variations qf two variables in time and space, that

is, the rate of production of ions and the amount of nuclei present. The former we can further

divide into an ion production rate due to cosmic rays and one due to radioactive substances in and

near the surface of the Earth. We also know that the cosmic ray ionization increases with altitude.

but remains essentially constant in time at a given height; whereas, the nuclei content should de-

crease with elevation and have random as well as regular time variations superimposed. As a
preliminary assumption we might take the ionization due to radioactive substances as being inde-

pendent of elevation, but we certainly must consider it as a function of time. We can also neglect
an increase of small ion mobilities with decreasing air densities but only when comparing surface

and free atmosphere data inter se.

If we concentrate for the moment on a given altitude within the exchange layer, it is difficult to

see even with these simplifying assumptions why the mean value of conductivity found at a land sta-

tion at this elevation should be rather independent of local characteristics. Considering that we are

accustomed to account for typical local influences at measurement sites as due to varying nuclei

wh:ft- content, particle concentrations, and space charges, we would expect much larger deviations from
P-1 one station to the next.

F rlIn addition, we note that the rate of vertical increase of the mean surface value of positive con-

ductivity at the higher elevations is comparable to the rate of increase in the free atmosphere.

Nv .4 .
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Even the absolute values at a given altitude seem to be comparable, the surface conductivities being
at the most only slightly higher than in the free atmosphere. Which means that in spite of the dis-
tinct diurnal variation at surface stations, that is, high night and low daytime values, the daily mean
values are practically identical with those measured by airplanes and balloons at corresponding
heights above the ground. Since airplane measurements seem to indicate the presence of a dividing
line between the exchange region with high nuclei content and the undisturbed atmosphere with stable
electrical conductivities above, the values of conductivity at higher altitudes in the free atmosphere
are generally considered as being due primarily, if not exclusively to cosmic ray ionization. This
concept now does not seem to hold for the exchange region.

Conclusions--It has not been possible to develop a complete explanation of the observations on
the basis of existing data. The additional experimental data vitally needed for the development of
an adequate theory are: (1) observations of the mean diurnal variation of the conductivity in the
free atmosphere at various altitudes both over land and sea surfaces (in particular, present data
need to be supplemented with nighttime observations), and (2) observations of the ionization rates
in the free atmosphere, particularly in the exchange layer.

In the absence of such data one can draw only speculative conclusions. The results on the vari-
ation of conductivity with elevation suggest that the austausch process transports upward not only
nucleii, but also radioactive substances in appreciable quantity. The ion-production rate of the radio-
active material in the atmosphere may play a role as significant as the nucleii concentration in fair
weather observations of conductivity. The selective absorption of radioactive emanation by aerosol
particles was, indeed, suggested by ISRAEL [1934] as early as 1934. Recent studies by COTTON
[1955] and certain aspects of the investigation of DAMON and KURODA [1954] also point to the pos-
sible importance of the introduction of radioactive materials into the free atmosphere. Further
study of the influence of radioactive materials introduced into the austausch layer from the surface
promises to yield important information for atmospheric electrical studies at the surface of the
Earth. G
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ATMOSPHERIC ELECTRICITY ASSOCIATED WITH JET STREAMS

Vincent J. Scha-fer

The Munitalp Foundation, Inc.
. chermerhorn Road

Schenectady, New York

Abstract--A simple and inexpensive method is describedfoi studying the atmos-
pheric electricity which often occurs in direct relation to the major axis of a jet
stream. The equipment consists of an easily erected telescopic aluminum mast
bearing a radioactive gold probe. The mast is insulated from the ground and con-
nected by a shielded cable to a sensitive micro-ammeter. Positive current flow
to the ground in the range of 0.04-0.12 microamps is commonly observed under a jet
stream when using a 35 ft mast. Observations such as have been made by Falconer
and the writer at the G. E. Research Laboratory have recently been extended in an
effort to better understand the complex relationships which occu,. During the past
year a few measurements were made on the summit of Gisoorne Mountain in north-
ern Idaho. In eastern New York in active study of this phenomenon is now underway
as part of the basic research program in atmospheric physics of the Munitalp Foun-
dation.

During the winter of 1944 at the summit of Mt. Washington, New Hampshire, a study of atmos-
pheric electricity was started in an effort to learn something about the physical nature of precipi-
tation static. A number of interesting results were obtained at the Observatory on the mountain
and subsequently at low level observation -ioints in eastern New Yrk. The results of these studies
have been described in a series of papers and reports [LANGMUIR, 1945; SCHAEFER, 1947,
SCHAEFER, LANGMUIR and Others, 1946].

Since that time certain phases of the Mt. Washington studies have been continued, especially
in the field of supercooled clouds, ice-crystal nuclei, and atmospheric electricity. With the dis-
covery of the dry ice effect [SCHAEFER, 1946] and related developments in experimental meteor-
ology [SCHAEFER, 1953a], an intensive program of continuous meteorological observations was
inaugurated at the General Electric Research Laboratory. These have been described [FALCONER,
1949].

Early in our study of electrical effects in the atmosphere we encountered a number of anoma-
lous phenomena. These were -ralike the so-called 'cross current' storms in which th% bign 2f t=
current flow from the collecting probe to ground changes from positiva to negative with respect
to ground potential every 20 or 30 minutes and which have been correlated with snow, rain, and
thunderstorms, and the passage of warm and cold fronts. The effects were more like the so-called
'positive current' storms during which the sign of the current flow from collecting probe to ground
had a positive sign with respect to ground potential % .th occasional peaks reaching values of - 0.25p.A.
These occurred during snow storms consisting of ic.- crystals falling from cirrus cloud levels in
the sky.

The unusual effects observed in this early work occurred during fair weather, oftenwhen the
sky was completely cloudless and the atmosphere brilliantly clear with unlimited visibility.

At other times, it occurred in conjunction with fast moving high and middle clouds. One case
was noted in which the .inds at 10,000 ft were measured at 54 Inots. The amount of electrical cur-
rent did not exceed 0.1 microamp and, in some cases, was barely detectaoie with theordinary metal
point collector then in operation. Several interesting effects were observed -^hich were terined
'ghost storms'. Evidence was cited [SCHAEFER, 1947] to show that these were relatcd tc. the pas-
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sage of relatively large space charges associated with evaporated crystals from snow showers.
By locating two stations about 2.5 miles apart, it was possible to show that such space charges
moved with the velocity of the air at cloud level. Measurement of atmospheric electric-ty during
this early period was made by using four types of collectors, including two sizes of cylinders, an
ellipsoid, and a sharp point. Subsequent studies were made exclusively with the point collector.
Although the electrical Eifects observed with this simple dev!ce are closely related to the poten-
tial gradient of the atmosphere, this term is not used in this paper since the effects observed may
vary somewhat from the values of the potential gradient measured by more conventional instru-
meats. Until a bette - understanding of the observed effects has been obtained, the electrical ef-
•ects measured wiil be referred to as 'probe to earth currents.' A positive current represents the
condition in which the probe exposed to the sky is more positive than the Earth's below, that is,
electrons flc * from Earth to probe and thence to tne atmosphere. Conversely a current flow having
negative sign represents the conditions in which electrons flow from the atmosphere to the probe
and thence to earth.

During th- latter phases of Project Cirrus, a government sponsored research program in ex-
perim-ntal meteorology, it vas decided to increase the sensitivity of the point discharge collector.
This was done by having the brass needle point wrapped with gold foil impregnated with a radium
salt. About 1.6 cm 2 of gold foil was used which contained radium equivalent to 250 micrograms.
The recilts of these latter observations have been described by FALCONER [1949].

These data present strong evidence that the fair weathei anomalies consisting of unusual
amounts of atmospheric electricity are related to the 'ghost storms' previously described but
to an even more specialized degree.

Studies of jet stream clouds--At about the same time that precipitation static studies were

started at the General Electric Research Laboratory early in 1944, the writer observed on several
occasions spectacular sequences of fast moving, high altitude cirrus clouds. The usual feature
noted i - t-ese early observations was the remarkably coherent pattern of the clouis, which appeared
as cir.-u- cloud streets, their high velocity, and the unus-lal directions from whica they appeared.
The case which first drew att, ntion to the phenomenon was a stream of high level air flowing from
the northeast. In 1947 the writer first heard of jet streams during a paper presented by C. G.Ross-
ty. Rossby's description of jet streams fitted into the pattern of observations which had been made
by the writer, but it was not until five years later that the opportunity arose to follow tip this study.
With the issuance of 500 and 200 mb isotach charts by WBAN on the we. ther map imes Fascimile
netvork, a means became available to Londuct a co. relation cf observabL, cloud sy.?*ems and the
presence of the major axis of a jet stream.

Within a few months, it became obvious that a high correlation existed between certain distinc-
tive cloud formations and tLhe presence of .he major axis of a jet stream. It was found that four
basic cloud types may form in a jet stream and that they generally have certain physical charac-
teristics. These have been described in two ilIstrated papers [SCHAEFER, 1953 bcj.

Shortly after the writer pointed out the apparent relationship of distinctive cloud -tterns often
formed within jet streams, FALCONER, [19531 found that a number of he anomalies of ur.usual a-
mounts of fair weather atmospheric electricity could be closeiy related to the presence overhead
of the major axis of a jet stream. He found that during the five-month period of October 1952 to
February 1953 on 80 pot of all days with highest atmospheric electr~al a-tivity the band of jet
stream winds was directly over the cbservation area in eastern New York.

Since initiating the *"zz.aion of atmospheric electricity at Schenectady in 1944, the records
have Deen obtained over extended periods with a continuously recording microamnmeter. (General
Electric. lhotoelectric Recorder, Schener' ., New York. 0.5 micro-amp full scale.) Using a chart

speed of two inches an hour tne more rece. I records aie detailed enough to show fine structur"
variations in zurrent flow withcut producing excessive amounts of record
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Electrical currents related to atmospheric effects--The past ten years of observations with

the point collector have produced records which may be roughly divided into three general patterns.
Two of these fit into the pattern which has been observed by other investigators; the third, which
we believe is related in some manner to the presence of a jet stream, has not been studied in de -
tail.

Fair-weather electrical effects are characterized by a flow of current having a positive sign
from probe to Earth in the range of + 0.0005 to + 0.01 microamps using our method. This may oc-
cur with cloudless skies, fair-weather cumulus, stratus overcasts, and slow nloving altoculiiulub
and cirrus clouds. Figure 1 shows a typical record.

What may be termed Storm electrical effects
+0.04 - are typified by considerable variations in current

and sign of current flow. The outstanding feature
+0.03 JET STREAM LErVrEL is the alternation in sign of the current flow.

These alternations in sign of the current often
< '0.02 -J occur at ten to thirty minute hitervals and --how
<*+.o0I a high correlation with snowfall, rainfall, light-

O.Ol _1 ning discharges, the passage of large convective
cloud cells, the movement of warm and cold fron-

0.o tal systems, and similar visible meteorological
;4nr.5rn ;01n .,t4hgm 14hz~irr phenomena. Va'lies are generally in excess of

E ST 0.1igA and may exceed 5.01LA with the sign both
positive and negative with respect to ground po-

Fig. 1--Typical probe-to-Earth current tential. Figure 2 illustrates a typical section of
associated with fair-weather elec- such a record.
trical effects, July 7, 1954
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Fig. 2--Typical probe to Earth current of both positive and negative sign
associated with storm electrical effects, June 15, 1954

Between the values of the positive sign fair weather electrical effects and the positive and i.ega-
tire sign storm clectrical effects but having unmistakably unique characte.istcs is a third beneral
pattern of atm)she-ic electricity which we propose to term jet stream electrcal effects. The

sign of the probe to Earth current flow is positive, and its range is between 0.015 bid 0.104AA.
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The lower limit of the amount of current depends to a considerable degree on the type of exposuregiven the radioactive probe to the sky and certain other features which will be described but are
not at present well understood. Figure 3 shows typical records.

+ 0.08 HIGHEST VALUES
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'4006 *0 0

41 0 0 0 i

0 o
0 0
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- , --O ,

+00 0 -LOWEST VALUES I
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+.04
JET STREAM LEVEL
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0 7 h 38 l 0 7 h 3 9 r 07h40tn
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Fig. 3--Typical probe-to-Earth current of positive sign associated with
jet stream electrical effects; upper curve is example of 20-second
maximum and minimum values while lower curve shows a four-
second interval sequence

Method of measuring jet stream electrical effects--There are a numver of methods whi-h may
be used for detecting the atmospheric electrical effects which seem to be closely associated viththe presence overhead of high velocity winds. Although the evidence accumulatd thus farpresents strong evidence that most of these high values are closely associated with the nearproximity of the core of a jet st. ean,, there are features of the observations which are d'fficult
to, nterpret in the light of our present kn3-rledge. These will be mentioned later. The main features
of the observa:tonal method have been e .,cribed in the papers and reports by Schaefer and Falconer
previously mentioned.

F5 gV N

R



63
The apparatus is very simple. It consists of a brass needle point wrapped with a small strip

of radioactive gold. This needle is soldered into a bushing which is connected by shielded cable
through a sensitive microammeter to ground. The sensing element must be vell insulated to avoid
leakage currents. This is not difficult, however, since the double insulatcr which we ha e described
[SCHAEFER, 19471, and which is simple to construct, provides excellent insulation even during
heavy rain storms.

-An even simpler ar. igement has recently been devised for studying jet stream electrical
effects. This consists of a 36-foot telescopic aluminum mast (No. AL 535 made by Premax Prod.
Div., Chisholm-Ryder Company, Inc., Niagara Falls, N. Y.) mounted on a base insulator and sup-
ported with insulated wires. The top length of the antenna pole is of 5 16-inch diameter aluminum
rod, the upper end of which is threaded to hold the radioactive probe. In this manner, the aluminum
pole serves as a conductor with a shielded cable connecting Lts base to tie high side of the grounded
microammeter.

A simple and very satisfactory method has been de ised for mounting thib telescupic pole for tem-
poraryfield use. A cylinder of drywood or other non-conductor four inci.es longand having a diameter
equal to the outside d.m,.nsion of the lowest section of the pole is fashioned so the top edge fits
loosely into the lower end of the pole. A three-eighths inch hole, two intheb deep, i bored into the bottom
of this plug. aeveral layers of poyethylene or a similar insulating sheeting eight nches in diameter
are then placed so that they separate the plug from the metal pole. Wnen assembled, the sheeting
projects beyond the shoulder of the plug as a skirt and serves as a rain barrier. A brass or coppar
rod 3 '8 inch in diameter and four to five feet long is then driven into the ground until one foot re-
ma!ns above it. Thiz serves the dual purpose of a ground connection, as well as a rest for the plug
at the bottom of the pole. Three stakes are driven into the ground six feet from the ground rod and
1200 apart. Insulated guy ropes fastened on a ring abo~e the first section of tht. telescopic pole sup-
port it rigidly and complete the installation. With this arrangement a 36-fort pole may be erected
by one person in less than five minutes.

While it is desirable if possible to use a recording microammeter, the lack of one does not
preclude making interesting and useful records.

A simple, relatively inexpensive, and reliable micreammeter is the RCA type WV 81 ultrasen-
sitive D C. microammeter. This reads full scde for 0.11 microamp at its most sensitive setting
and may be easily read tc, 0.0001gA or 1 / 10-10 amp. Such low values are rarely encountered in
atmospheric electricity uith the unit as described. This instrument is particularly convEnient since
fair weather electrical effects occur with the 0.01 scale setting, jet stream elect. tal effects oi.
the 0.1 x scale, and storm electrical effects on the 1.0 x scale. This unit may alsu be used as a
nearly drift-free amplifier for driving a less sensitive recorder.

Procedure for obtaininc manual records of electrical effects--Since it is observed that most
atmospheric electrical effects of importance to n-cteoroiogical phenomena persist over periodi of
an hour or more, occasional manual observations have consiaerable scientific value. Such short
observations are no substitute, ho-wever, for a continuous automatic recorder if buttabie instruments
are available.

Satisfactory short-period records may be obtained in the folloving manvr. A hand operated
or electrically driven timer having an interval in the range of ten to 30 seconds is used. During
the fixed time interval, the needle of the microammeter is atched and the high and icy. vaiues
noted and plotted directly on graph paper. A period of five to ten minutes has becn found to be suf-
ficient to get a fairly good repiesentation of the tendencies which accr en typical days of the three
vypes of effects mentioned.

-An even simpler procedure has been found to be fairly representative of the tendencies ulix r
siiorter time intervals. This method consists cf plottirit, instantaneous values at a regular but in-
hurried -ate. With limited practice it has been found that such values may be noted and plutted at
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inter Is of four seconds for a period of five to ten minutes. Figure 3 illustrateq the t'wo methods.
While these methods tend to ve tedious and have definite limitations of usefulness, the methods are
still of considerable value for exploratory field studies. This is especially true whre limited fa-
cilities would prcovent any research in this important field.

The effect of wind--The most perplexing aspect oi the high values of ft: weather current seum-
ingly associated wih jet streamls as measured with the radioacti, e probe . the affect of calm and
light winds on current flow. This problem is rarely encountered if the radoactive probe is located
on a high building, a mountain top, or other promontory where air movements generahy exceed
1.5 to 3.0 m,'sec, even during sc-called ,alm periods. With the air surrounding the radioactive
probe moving slowver than 1.5 m,'sec, the current flew even with the core of a high velocity jet
stream overheaA may show an average reading of less than 0.015 microamp. Under such conditions,
a sudden gust of wind will often cause the current flow to tempora,71:] increase to a value of 0,04 to
0.07 micruamp. That this condition is .iot related to the wind alone is indicated by the observation
that during periods in which the iraor axis of a jet stream is absent, winds of much greater veloc-
ity fail to show values higher thaa 0.01 microamp. It is as though there were a tendency for a local
space charge to build up in quiet air which proauces a net negative charge surrounding the radio-
active point. This tends to nulliy the positive current 'jet-stream ef..ct.' It is ony when the air
movement ia sufficient to 'blow away' this local effeet that t.e higher values may -come through.'
It way be that variations of this effect are responsible for the diurnal variations which have been
observed by other worker, using the more conventional instruments for measuring potential gra-
dients and air-earth currents. Such effectE have been described as background 'noise.' It is ob-
vious that much more research is needed to understand these anomalies.

A period of observations on the summit of Gisbcrrie Mountain in northern Idaho during August,
1953, showed us that even c i a high mountain summit in regions where winds frequently die down
during the night, a strong diurnal decrease ii, zurrent flow during the night period is f comrmon
occurrence. More recendy similar stu.es have beei. inaugurated at the Mt. W, shington Observa-
tory in Ne. Hampshire where our original work in atmospherics itarted ten years ago. These
studies will be du ected toward achieving an understandig .f the effects of wind, cloud, jet streams.
and related phenomena at a high, precipitous, . indy mountain summit using a radioactive probe con-
nected to a recording microammeter.

Low values of atmospheric electricity related tu radioactive fallout--For the three weeks fol-
lowing May 1, 1953, and fo' about two wce.s in April 1954, the level oi atmospheric electricity in
eastern New York dropped to a very low level of activity even during the piesence of the major axis
f a jet stream. tis lack of ac.ivity was even more Jifficult to undcrstand %hen several active con-

vective rain storms failed to produce cross-current effects. The 1953 period was subseque.tly found
to coincide ,',ith a fallout of radioactive debris from atomic explosicnF which had been conducted in
Nevada. Subsequent studies indicated that although th, level of radioactivity did not present a health
hazard It was sufficient to reauce the level of atmospheric electricity to very low values. Fortunate-
ly, the radioac"be dust had a short half life so that by June 1, 1953 the probe to Earth currents were

__ again showing normal variations.

A similar thou[,' less pronounzed effect occurred starting April i.. 1954, following a rain ;hewer
which left a light deposit of radioactive mud in istern New York. Gathering a small sample cf the
mud on a piece of moist f Uter paper and plat it near a Geiger-Muller counter, the normal count-
ing rate was increased t ree to four times above that of the ordinary background level caused by
cosmic rays and related phenomena. -he source of the radioactive mud is net known at the present
time, although it occurred shortly after fhe nuclear tests in the Pacirio area. Av in the previous
year, the return to 'le more normal variatioa of atmespheric electricity occurr.d ,everal week.3
afterward.

The cause of iet stream electrical effects- -Sevpr-' '.,.ries have been suggested oy Falconer
u explain the atmospheric electricity which seems to e -,ssociated with the presence of jet streams.
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He zeasuns that since these hig.-velocity air flows are often intimately associated wi.h stormy
areas such as taunderstorms and tornadoes, the net positiv- cha!,e common'y observed in the
upper part of such storms wotld often be carried away in the jet-tream winds and thus have a
space charge effect r any miles from the original storm. This is a similar effect to the ghost
storms I previously mentioned.

Falconer also suggesLs that the Sicipson-Scrase jCHALMIERS, 194G] ice-friction theory !night
atdd, to these effects snce it is now weli known that the say is rarely free of high-level ice crystals.
The high shear and turbulence often occurring in the jet stream wJuld tend to intensify ;uch effects.

The recent discovery of REYNOLDS [1954]that variations in temperature c ice particles is suf-
ficient to -aulbe charge separation of large magnitude when the particles make momentary contact
should also be considered. Time lapse motion pictures of jet-stream clouds present strong evi-
dence that rapid changes occur in clouds which form in jet streams. Large temperature differences,
turbulence, shear, drag, and instability of air containing solid and liquid particles combine to pro-
du:e ideal conditions for such effects to occur. Since soULe of the highest values of jet-stream elec-
trical effects accompany air movements with trajector-as from the polar regions during the winter
time, I am inclined to favor the lattc.r mechanism for the development of an elongated space-charge-
level region along the major axis oi a jet stream.

Since it is often obzerved that jet stream electrical effects occur under conditions whieh would
not favor the movement of the charges to the coleztor sie, it Is likely that many of the observed
effects may be caused by induction with the turbulent motions of tle stream of ionized particles
producing the current flow observed.

This effect may be simulated by waving a small charged sheet of polyethylene in the general
vicinity of the radiop" live point. Such a sheet two feet square moved at the rate of a meter a second
at a distance of 50 ft 1 produce a momentary increase in current flow of 0.02 microamps. Whether
this induction effect is satisfactory answer must ayait further research studies.

The actual delivery of positive charges to the collector cannot be dismissed on the basis of our
present evidence. The fact that the highest values are intimatcly associated with localized air move-
ment when the major axis of the jet stream is in the immediate vicinity raises the alternate possi-
bility th-At the space charge effects produced or carrjed by a jet stream must reach the collector to
cause the cbserved effects.

One of the meteorological phenomena I have found to be clo,;ely associated with the major axis
of a jet stream is a zone of gusty winds at ground level. These 3ccur mostly when the lapse rate
is high. It is under such conditions that space charges raight be kransported from higher levels
toward the ground. A study of variations in ozone content of the lower air in regioils free of air pol-
ilition might shed light on this transpor, mechanism sintce it might bL expected that the ozone con-
centration would also be high under a jet stream if air from high altitude .eaches the ground.

The formation of liquid-water clouds above the station is nearly always accompanied by a de-
crmase in value of the positive air to Earth current. It has been observed many times that with a
jet stream overhead containing cirrus clouds and causing probe to Earth currents of the order of
0.04 to 0.07 microamps the formation of a small strato-cmulus cloud directly above the station
at an altitude of 5000-8030 ft will produce a dip in the current flow to a value of 0.015 to 0.025.
Whether this effect is due to shielding or to the actua, developm3nt of a localized negative space
charge is ar interesting question.

The nee, for studying jet stream electrical effects with a network of statiors--If it can be proved
that what I hav7e termed jet stream electrical effects are actually related to hbese hith velocity streaims
oi air, a v idespread network oL observing stations should be established for continuously monitoring
such locations. A pielminary attempt in this direction is ready to operate. Recording stations are
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established as a coopersacive proiect at Bnff ale, Syiacuse, ann Schenot-ady in New York; Mt. Wash-
ington ia New Hampshire: Boston and Foxboro iu Massachusetts, and at a location in New Jersej.
With sucb a network it should be poszible t'. estsblish the snsitivit; of the method for lucatiug a
Jet stream, since excellent exampl-s are of common occui rence in tfio northeastk;rn United States.Ak ' A much sm tiler tripartite network wth base lineo of about 800 it i, in use by the wrILL-i for a study
of local effects.

The main purpose of this paper is to direct attention to tC.:s interesting phenomenon and to
pcnt cut the possibility of studying it witb inexpenr 5-e cqulpment. Studi es Thould be made in other
regions o1 the world to disLover whether the effectb are widespread or only of a rel.tively local
nature. Important new discoveries are likely to follow.

AckowledsMents- -Until recently the observations made by the writer were in-de in coopera-
tion with Raymord Faicone: at the Genc, rai Electr. Reszarch Labo-aory, under thet, sponsorship
as well n s that of the U. S Army, Navy. an, Air Fcrce who sponsored ,.ontracts of which the atmo-
spheric elec.rical studi 4 were a small part.. At the present drue, the w-rite-'s work is being co.-
ductei as part of the bas c research program in at Aopherit phy sics of The 2&anitalp Foundation.
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DIURNAL VARIATIONS IN ATMOSPHERIC RADIOACTIVITY
E. S. Cotton

Geophysics Research Directorate, Air Force Cambridge Research Center
Air Research Development Command, Cambridge, Massachuset, I

Abstract- -Continuous measurements of the ionization produced inside two chambers
operated at Bedford, Mass., during the autumn months of 1952 and 1953 ar2 discussed,
and comparisons are made with meteorological data at ground level. One of these cham-
bers was constructed by the late G. R. Wait and has a cellophane wall of 1.6 mg/cm2

absorption thickness. The second chamber uses a screen-wall and an outside clearing
field to eliminate residual ions. The chambers and their modes of operation are de-
scribed. Significant cases of meteorological influence are shown, and the order of mag-nitude of h6 diurnal changes is verified using diffusion concepts.

Experimental arrangement- -The diurnil variations in atmospheric radioactivity have been in-
vestigated at many locations throughout the world since the fir A observations in the early part of
this century [BECKER, 1934; BLIFFORD, LOCKXART, and RO.'oj._!STOCK, 1952; CULLEN, 1946;
HOGG, 1935; MACEK and ILLING, 1935; PRIEBSCH, RADINGER, and DYMEK, 1937; WAIT, 1946;
WILKEN ING, 1952]. The general characteristics of such iariatons have been shown to hare sig-
ntificant correlations with meteorological conditions, varying from point to point according to local
atmospheric circulation and surface composition. It is the purpose of the present paper to describe
diurnal effects under seler .d meteorclogical conditions at a particular sitp, and to relate these
effects to turbulent exch -. in the surface layer of the atmosphere.

The experimental equipment consisted of two ionization chambers of cylindrical shape. The
first was constructed of wire mesh supported at the ends by wooden disks and covered by cellophane
of 1.6 mg/cm 2 thickness. The collecting electrode was a brass rod of 3.2 mm diameter; the cham-
ber was 21.8 cm in diameter and 36.5 cm in length. (This chamber was used by the late G. R. Wait
at the Carnegie institution for several of his experiments on atmosphcric sources of ionization.)
Insulators of amber and te'lcn vere used during different periods. This will be referred to as the
cellcphane-wall or thin-wall chamber.

The second chamber, more complex in construction, consisted of an interior wire mesh cylinder
20 cm in diameter and 60 cm long supported on lucite disks, which were also covered with wire
mesh. This screen was composed of 0.12-cm wire, 0.5-cm mesh, and served as the high voltage
electrode. On its axis, supported by a teflon insulator, was a 0.95-cm diameter collecting electrode
of copper tubing. The entire chamber was surrounded by a second cylinder of wire mesh, 2.86 cm
from the inside cylinder, and supported by aluminum disks ort either end. The lower diskwas the base plate
and guard ring. The entire outer assemblywas maintained at the potential of the electrometer case.

The field which exists between the outer grcunded screen and the inner high voltage screen is
sufficient to collect and effectively remove most of the atmospheric ions which would disturb the
chamber. It does this quite well in a still atmosphere, but air currents through the chamber are
disturbing and have been avoided ia the continuous measurements. This chamber will be referred
to as the screen-wall chamber.

Each chamber was mounted on the preamplifier u-iit of a Model 30 Applied Physics Corporation
vibrating-reed electrometer, and resistors appropriate to the measured current were attached so
that the electrometer effectively measured the voltage developed across the resistor. The voltage
from each cha-iber was recorded on an Esterline Angus milliameter with a chart speed of 3/4 inch
per hour. One hour time marks were produced by interrupting the current at hourly Intervals.

The background contribution of the screen-wall chamber was found to be qu'te high when it
was first assembled. It became necessary to silver-plate all the exposed metal parts in order to
reduce this background to a reasonable value.
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The investigations to be di-,cussed were carried out at three locations in the vicinity of Hanscom
Air Force Base in Bedford and Lexingtn, Lassachusetts. During the autumn of 1952, the cellophane-
wall chamnber was operated continuously in a truck which was parked on the air base in a wooded
arez. The elevation of this site was 140 ft above sea level. Air was continuously exchanged between
the truck and the outside by means of an air conditioner fan.

During the summer of 1953, the truck was taken to the top of a hill about one mile from the 1952
site, at an elevation of 306 ft. This ;ill is th. highest point in the area. Both the cellophane-wall
and the screen-wall chambers were operated at this site.

In September, 1953, after it waa found that diurnal effects on the hill were extremely small, the
truck was moved back into the valley to a site only 1300 ft from the 1952 location, at an elevation of
125 ft. The remainder of the data was taken here with both chambers operathig continuously.

La all of these measurements the emphasis was on the diurnal variations of the current in the
chambers rather than the absolute value of the rate of ionization per unit volume. However, we can
take the average minimum values of current in the chambers to be representative of the so-called
'normal' rate of ionization. For these values we obtained 9.4 I for the cellophane-wall chamber and
12.7 1 for the screen wall chamber, where I denotes the number of in pairs produced per cubic
centimeter per second. If we assume for the moment that background contributions due to chamber
contamination ay e negligible, then using the data of HESS ana VANCOUR [1951] the screen-wall
caamber has a minimum Lontributian due to alpha emitters of 7.1 1, and the cellophane-wall chamber,
a contribution due to alphas of about 3.9 1. The ratio of the contribution in the thin wall chamber to
that in the screen-wall chamber would be thus about 0.55. Howeve-, taking into consideration the
' fZcs that the thin-wail chamber can be si.nsttive only to alpha particles wnieh originate outside the

-TIME- MISO I

SEPT. 9,1952 SEPT. 8,1952 SEPT. 7,1952
,~~! .. . .. . - -_ .. . . . - -. , - m r,', - _

H WIN" (KNOTS- - . .. . . . . .. .. --- - -- .- '" - - - - -" " : - ----

Fig. 1--September 7-9, 1953; -full scale ionization 47 1
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Fig. .... p- . .....- 22,1952; full scale ionization 47 41

chamber exclusive of contamination, and that the screen-wall chamber is sensitive to alpha particles
originating both within and outside of the chamber, it has been calculated that the ratio of the alpha
particle contributions within the thin-wall chamber to that within the screen-wall chamber should be
about 0.15. From this it can be estimated that the contamination contribution Is about 3 1 in both
chambers. The observed value of the ratio of current chaniges averaged over all the diurnal varia-
t ons studied is 0.12, which Is not in disagreement with the calculated value, 0. 15.

Data- -Those days on which significant diurnal effects were observed were selected from the
periods of measurements and displayed with simultaneous records of surface temperature and wind
velocity obtained from the Hanscom Air Force Base weather station. The meteorological variables
were not measured continuously but were observed at least once an hour. In all cases except one,
where pronounced nocturnal increases in Ionization were observed, the wind speed was less than
one knot. In order to gal. a qualitative understanding of the variations and their relations to one
another, several of these cases are presented. They are arranged in chronological order.

In the 1952 series (Fig. 1-5) the upper record shows the variation of temperature, the middle
record. the ionization rate, and the lower record the wind speed. The cross-hatched areas ol the
wind record indicate changing wind direction. The arrows fly with the wind; the directions are the
usual map directions. Time increases from right to left in all cases. Each figure represents a
forty -eight-hour period of observation.

September 7-9, 1952 (see Fig. 1), the full scale reading on the ionization record corresponds
to a 100 my (instead of 1 my) drop across the resistor connected to the central electrode in the
ionization chamber. Full scale readings correspond to an ionization current of 10.3 A 10-14 amperes
or an ionization rate of 47 1. One can see from this illustration the general nature of the iurnal
curves. A single large maximum is observed in the morning at about 07h, as observed in many
other places. The rapidity of the decrease from this maximum, and the onset of wind after the

Inocturnal calm are characteristic of surface temperature inversions and their subsequent dissolution.
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Fig. 5--October 14-16, 1952; full scale ionization = 47 1

Both of the variations shown here occurred with calmn periods throughout the gi c~wth of the maximum.
No secondary maxima are seen. Fine weather associated with a high pressure area dominated the
period. Ground fog was present from midnight until 06h 30m during the morning of September 9.

The data for September 20-22, 1952 (Fig. 2), show the retarding effect of even a slight circula-
tion on the development of an ionization maximum. Although meteorological conditions are approx-
imately the same during these two nights, the development of the second maximum is cut off by a
slight wind. Ionization values remain higher than normal, however, since the temperature inversion

- alone can restrict the upward exchange of radioactive emanationi.

The data for September 27-29, 1952 (Fig. 3), show the same condition even more markedly. A
small amount of horizontal circulation near midnight is sufficient to lower the eventual maximum
In ionization. The secondary maxima seen here and in other figures are evidently associated with
deviations from the increasing stability of the inversion.

The data for October 4-6, 1952 (Fig. 4), show how rapidiy a small maximum can develop. In a
period of four hours, the ionization increased from 11.8 I to 21.6 i, or a total of 9.8 I. In terms of
radon emanation this amounts to about 10-15 curies per cubic centimeter. The next increase was
even more rapid, although it appears to have begun before the wind ceased. The cessation of wind
apparently acts somewhat like the closing off of a certain volume within which the emanation may
accumulate; the height of the volume is determined by the lapse rate. For a more complete study

: of these phenomena, a measurement of the lapse rate in the lowest 1000 ft or so of the atmosphere
~would be necessary, particularly in the first 100 ft above the ionization apparatus.

The data for October 14-18, 1952 (Fig. 5), again show that the slight increase in circulation
just before midnight retarded, and in fact reduced the ionization, so that a secondary maximum is
seen. This effect is usually accompanied by a change in slope of the temperature curve, although
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Fig. 6--September 28-30, 1953; full scale screen-wall ionization = 72 I;
full scale cellophane-wall ionization = 46 I

4 very slight. The rapid decrease in ionization on the morning of October 15 seems to be due to the
sudden onset of wind. This relation is not quantitative.

In the 1953 series (Fig. 6-9), the cellophane-wall record is at the top, the screen-wall record
is second from the top, the wind record is third from the top, and the temperature record is at the
bottom.

The data for September 28-30, 1953 (Fig. 6), show the simultaneous operation of the two ioniza-
tion chambers. The scale for both ionization records should read I x 103 my, or one volt Full
scale for the cellophane-wall chamber corresponds to 10.1 x 10-14 amperes, or 46 ion pairs/cm3 /
sec. Full scale for the screen-wall chamber corresponds to 21.8 x amperes, or 72 ion pairs
cm

3 /sec.

It is evident that the screen-wall chamber has a larger ratio of diurnal variations to 'normal'
readings, over the same period, than the cellophane-wall chamber. This justifies the use of the~. ., ,,-chamber, the design and construction of which were aimed at an .ncreasing alpha ionization sensi-
tivity. It is also evident that the screen-wall chamber is subject to fluctuations to which the cel-

X. lophane-wall chamber doe. not respond. Some of these are felt to be real variations in radioactive
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Fig. 7--October 16-17, 1953; full scale screen-wall ionization 72 I,
full scale cellophane-wall ionization = 46 I

conent but others result from atmospheric ions which are forced through the screening field by air
currents. Normally, however, the chamber was operating in a relatively quiet atmosphere, and its
readings are at least indicative of relative changes in radioactive content. This chamber approxi-
mates the infinitely thin wall chamber which we desire for measuring ion production in the atmos-
phere; its sensitive volume is not blased In regard to the type of ionizing particles produc-
ing the ionization relative to the ionization in the frce atmosphere. In this figure, the sudden increase
on September 28 seems to be linked to a wind-speed dccrease and pressure minimum. The fast de-
creases from maximum readings on September 29-30 seem to result from the rapid onset of wind on
both days. The secondary maximum on September 30 occurs during a steady temperature trend.
Ground fog was present during most of the period of build-up of the maximum (22h 28m-0h 58m).

The curves for the data of October 16-17, 1953 (Fig. 7) all show their characteristic periodicities.
The diurnal effects are quite large on the chambers, although by no means as large as some observed

in 1952, when the cellophane-wall chamber often went off scale. This may be caused )y differences
in soil exhalation, or to the fact that the 1952 area was wooded. However, it is noteworthy that the
topographical gradient was much steeper at the 1952 site, although the elevation wa. nearly the same.
Operation for two summer months in 1953 on the highest hill in the area gave almost ne diurnal
variations, so that the formation of stable layers in the ;alley at night seems to be the dominant

.-. -.. ... ... ... ... ... ... ... .~. ... ... .0i
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Fig. 8--October 19-21, 1953; full scale screen-wal ionization 7 .2 I;
full scale cellophane-wall ionization = 48 1

.factor in producing diurnal variations, as expected. The short-period fuctutis in the cellophane-
wall record are due to the effects of the heaters in the truck on the teflon Insulator. During 1952,
when an amber' sulator was used, such effects were never observed. Unequal expansions of the
insulator and the surrounding parts of the chamber apparently produc.e strains which induce a po-
tential on the electrode, an effect which Is more pronounced with teflon than with amber.

The records for October 19-21, 1953 (Fig. 8) show that at about 08h 00m on October 20 a windshift occurred at the site, and for a short period there was no wind at all. As can be seen on both
ionization records, an increase in emanation resulted immediately. The values before and afterthis maxlmun: seem to indicate a difference between the readings for north and south wnds. It Is
noteworthy to point out that north winds pass over wooded land while south winds pass over therunways, roads, and buildings of the air base. A large maximum developed during the next night,but was abruptly cut off at about 01h 30m when the new air mass began to dominate the area and
pressures rose significantly.

Figure 9 shows the data for October 23-25, 1953. By October 23 a low pressure system had
become dominant and light rain was falling at the site. One sees that even under these conditionsthe Ionization record shows correlation with decreases in wind velocity. On October 24 te pressure

_,..
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Fig. 9--October 23-25, 1953; full scale screen-wall ionization 72 I;
full scale cellophane-wall ionization = 46 1

rose again and a characteristic nocturnal maximum began that night. At midnight, however, the
wind bega, and reduced the emanation content quite rapidly. Light rain at the end of the period gave
several sharp fluctuations characteristic of rain showers.

A frequency plot (Fig. 10) shows the time difference in hours between the minimum nocturnal
temperature and the ionization maximum, where positive values indicate a temperature minimum
prior to the ionization maximum. Also indicated are time differences between the beginning of
the wind on _uch days and the ionization maximum. It is clearly indicated that the ionization max
imum occurs most often 1-2 hours after the surface heating beg-ins, and that the decrease from the
maximum is quite closely associated with the onset of wir.d for days when nocturnal calm prevails.
As stated previously these results apply only to such case-. Of course, trapping of emanation
occurs even when the wind does not decrease to such an extent; however, with the Instrumentation
available such cases could not be treated. An ideal arrang-ement would be a series of instruments
on a tower which could measure simultaneously, at sevral heights, the ionization, the temperature,
and the degree f turbulence. However, as yet such an arrangempnt has not been possible here.

Discussion of results--Having available only zurface observations, it Is difficult to apply these
results to the general problem of the height distribution of emanation. LETTAU 1941, 1949] has

I
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Fig. 10--Frequency plot of time of significant diurnal changes with respect to wind onset and
temperature minimum (positIve times indicate delay of ionization maximum)

solved the well-known diffusion eqdation for r: dioactive matter using the assumption that in the

surface layer

A Ao + A1 Z h)

where A is the exchange coefficient in gm/cm sec, and Z is the altitude in centimeters, The result,
discussed in Lettau's paper, shows that such an assumption leads to an ordinary Bessel equation.
The solution of this equation for various exchange conditions demonstrates that 7he concentration
of radium emanation in the surface layer is nearly constant. However, Al is quite different for
nighttime inversions and daytime convection, as is also the height of the surface layer. We shall
assume Lettau's estimates of these values, where h is the height of the surface layer:

For strong convection A- = 0.02 gm/cm2 sec, h = 200 meters
For nocturnal inversion A 1 = 0.004 gm/cm2 sec, h = 50 meters

We can then calculate simply the order of magnitude of emanation content for the two conditions.
If E Is the exhalation in curies/cm 2 sec, and S the radioactive content in curies/cm3 , we can derive
from the continuity equation an expression for equilibrium in a surface layer column of air of unitcross section

crs E XsS deZ i d dZ . .................. (1)
1 p dZ dZ

where h is the height of the column, ?, is the disintegration constant, p is the air density and A is
the exchange coefficient. (We have neglected a term in d2 S/dZ2 .) The gr--fient of S at the top of
the column is a critical factor in this problem. Its evaluation is difficult, particularly in this case,
since the emanation content changes rapidly above the surface layer, but is almost constant within
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it. We shall assume therefore, that within the surfar layer S =So + S1 Z when Z 5 h, where So>>
S1 Z. Thus

E = X~o - X.Sjh 2 /2 + (Alh/p) Sl

E -X~Soh + Alh S/p

sotht esot~ = [E - (Alh/p) SI]Ah ...................... (2)

Putting the values in this expression for strong convection, with E = 40 X 10-18 curies/cm2

sec, X~ = 2 x 10-6 sect., and assuming Sois about 400 x 10-11" curies/cm3 during the day, w,, obtain
a value for the gradient =07~1-2cre/m

During' the nocturnal inversion, when equillLrium has been reached, the decrease in layer depth
alone will cause the gradient to increase. Thus, we take S1 to be about 3 x 10-22 curies/cmn4 , and
solve ior S under the nocturnal conditions. We obtain

so = 3500 x 10-18 curies/cM3

and the ratio of night to day readings is 3500/400 2'9. This agrees with the order of magnitude of
the average observed ratio of night to day readings, although several. are larger than this by a factor
of two. However, variations In exhalation, in the height of the surface layer, and in the gradient can
all produce changes in this ratio quite easily. Qualitatively, one has an understanding of the process
from (2); the formation of quite dense emanation layers can be explained by simple flux considera-
tions UL the layer, coupled with the effects of radioactive disintegration.

A detailed study of these variations could be carried out with instruments at va--lous heights,
so that the gradient of emanation content could ba measured, as well as the thermalI stratification
which Is responsible for these phenomena.
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DISCUSSION
CONCERNING THI PAPERS PRESENTED ON THE MORNING OF MAY 19, 1954

AND RLAL4TED ATMOSPhIERIC ELECTRICAL PHENOMENA

H. Isra~l presiding

Dr. Israel--This morning we hac some very intcresting papers on atmospheric electricity and
its relation to meteorology. The session this afternoon will be open to specific discussion on the
experimental techniques and results of te work described this morning. It will also be open to
ge - 'al discussion on problems in this field.

Dr. Barklle--I would like to have Dr. Koenigsfeld explain how his instrument worked in a little
" ore detail.

Dr. Isragl--I believe Dr. Chapm..n has a similar question?

Dr. Chapman--Yes. Do I understand that Dr. Koenigsfeld used two separated radioactive col-
M=.,' lectors ?

Dr. Koenigsfeld--In me. suring the potential gradient we used two polonium collectors separated
by a verticai distarce of about two meters. The collectors were suspended from a balloon by a nylon
cord 100 m long. One collector was connected t the plate of a triode and the other to the cAthode

S- ,so that the plate was normally at a negative potential with respect to the cathode. The cathode-grid
current was passeA through an inductance coil hlch is k. irt of the oscillating circuit of the radio-
sonde. Variation in the current changed the frcquency of the transmitted signal. The system could
measure either sign of potential gradient. The time constant of the radioactive collector system
was about three seconds.

Dr. Swann--In connc.ction with potantial gradient measurements, I would like to refer to a sug-
gestion I made a numbe: of years ago for eliminating the effect of charges in the apparatus. Con-
sider a body of any shape and charge distribution attached to a cavity C. We observe that if this
apparatus is put into an extensive uniform field X, the field inside C will be independent of all that
concerns the charge on it other than the charge distribution 'nduc, by X, and thus, it will depend
only upon the geometry of the whole system and upon the field X. The field in C may be small but
there is no difficulty in measuring small fields. The apparatus can readily be standardized by the
use of a small scale model.

With regard to V. J. Schaefer's paper on the Observations of Atmospheric Eiectricity under
Jet Streams, I would point out as follows: Suppose we have one gram of radium giving 3 x 1010
alpha iarticles per seco,,d. This gives about 2 X 105 X 3 X 1010 = 6 x 1015 "ons/sec which corre-

-rrnds to about 6 X 1015 x 5 x 10-i0/3 x 109 = 10-3 ampere. A millicurie would give 10-6 amp.
&os..e field nea. the disc is such that frem the five centimeter range of the alpha particles all theons are collected, the current obtained is siwuly representative of the foregoing. If there is wind,that which is measared is something depending apon wind, collector size, height, etc.

I sggest that in using values for ionization per cc due to cosmic rays, we calculate the results
from Lhe lat- on the number of rays rather than from ionization chamber measurements.

Dr. Weickmann--With regard to the increase and decrease of potential gradient at high altitudes
reported by Dr. Ko'?nigsfeld particularly at the -32°C level, I should like to mention some aircraft
measui ements carriec out by Dr. aufm Kampe and mysc if. We found that , uite often haze layersoccurred up to 10,0C m. It may be that the fluctuations measured are connected -,fth such haze
layers. They m-y also be conn( ted with cirrus clouds which occur correspondingly quite often in
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layers and whose base temperature was found to be at the -31'C level on the average. Since the
individual base temperatures, however, varied between about -15^ and -50"C, one cannot say that
the -31' level way an especially significant one.

Dr. Gi:,a--This morning I was reminded of some of our own difficulties in aircraft measure-
Luents of atmospheric electrical elements when we entered clou,.o or regions containing particulate
matter.

In our flights over the Pacific and the sc. thwestern United Status we first noticed the effect of
haze and cloud droplets on air conductivity measurements. If solid particles impinge on the central
electrodes of two Gerdian tubes, one measuring positive and one, negative conductivity, the charge
imparted to the electrodes will cause the apparent conductivity of one sign to rise and the apparent
conductivity of the other sign to fall. In order to recognize this effect it is very important to have
two conductivity equipments in aircraft measurements.

The ratio of positive to negative conductivity in the general vicinity of thunderstorms varied
considerably. This ratio was usually greater than unity at altitudes lower than about 20.000 ft and
it tended to be less than unity at higher altitudes.

For these rt.asons, except on clear days, one -. t not place too great confidence in the precision
of conductivity measurements. r

Dr. Isra~l--I believe that Dr. Hogg has a question with respect tc large ion content and the con-
ductivity.

Dr. Hogg--In regard to Mrs. Sagalyn's paper, is it necessary to measure the backgruund with
still air in the apparatus, and secondly, would the-e have been a suff'-ient number of points on the,
characteristic of current against voltage in its ncrmalized form to show whether there was any in-
dicstion of definite species of large ions?

There is yet a third question, regarding the variation of conductivity with height.

Mr. Gish in h-*- work showed this to be expressed by a quadratic formula. Would your rasults
be approximated by this simple equation?

Mrs. Sagajyn- -I shall try to answer Dr. Hogg's questions in order. First, the background sig-
nal for the three ion counts used in these experiments is measured and subtracted from the ttal
signal. It is obtained by shu.ting off the air flow in flight by means of a remotely controlled air
valve.

Second, the contribution to the total ion content (with mobilities between 0.7 and 2 A 10 - 4 cm 2 /
sec volt) of chirged particles in Lhe mobility region 0.7 to 5 x 10- 3 cm 2 /sec volt is usually found to
amount to .ii more than ten per cent. The mobility at which the maximum concentration occurs is
about 8 X 10- 4 cm 2 /sec volt.

Third, the conductivity distribution in the e-:change layer does not fo]low a quadratic relation
either in the mean or for individual days. Abovw dhe exchange layer the distribution roughly follows
a quadratic relation.

Dr. Gish- -It should be pointed out that the quadral:c formula is an approximate empirical ex-
pression which was useful in presentation of the thuindersturm results where hi-b precision was not
required. The quau. itc relation is not a good fit for the stratosphere data.

Dr. Bricard--What was the effect of charge on the aircraft in Mrs. Sagaiyn's measurement of
conductivity?
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Mr-. Sagalyn --The effect of aircraft charg on conductivity measuren.nt haz. been investigated
and the results have been reported in the Journal of Geophysical Research in 1952. Briefly, the
normal fair weather char ge has a negligible effect on the measurement of conductivity of either sign.

Dr. Weickmann--In connection with Mrs. Sagalyn's measurements I wish to call attention to
4- ,mt aircraft iea:urements of the number of condensation nuclei which I have recenitly made using

an Aitken nucleus counter. This counter was kindly loaned to us by the Carnegie Institution. The
number of nuclei versus altitude shows the same characteristic as the number of large ions. A
marked 'cxchange layer' has a nucleus concentration between 104 and 105 per cm 3 . Above this layer
the concentration drops to 102 to 103 per cm 3 .

Dr. Israel--Dr. Chapman, you have a question on the conductivity measurements in the free
atmosphere ?

Dr. Chapman--In Dr. Stergis' measurements, the conductivities on ascent and descent were
different, and it was thought th_ difference might be attributed to electrostatic charge on the balloon.
In Dr. Loenigsfeld's radiosonde data there was no evidence of influence of electrostatic charge on
the balloon. Now then, why are some balloons charged and some not charged, or is this a meaning-
ful question?

Vi Mr. Coroniti--In Dr. Stergis' and my balloon experiments, all of our ascent data showed con-

biderable variation. Of the eight flights we made, on only two flights going up did the experimental
data fit the theoretical curve. I think that the variation is due in a very small part to the charge of
the balloon. If the effect had been large, it would have been reflected in the ratio of posil, V'e to neg-

.. ,* i ative conductivities. This was not the case.
Dr. Chapman--I am glad to hear this because it has been my opinion that if the balloon were

far enough away, the charge ought not to have much effect.

Dr. Curtis--I have one point to make here. The instrument on ascent passes through a volume
of air which previously passed the charged balloon. The swinging of the instrument through this vol-
ume might have an effect, other than the electrostatic field effect.

Prof. Koenigsfeld--Yes, but it is very small when the instrument is between 100 and 200 m below
the balloon at that angle.

Mr. Coroniti--I wish to make a comment on this morning's presentation oi our papers. I believe
A" onc of our sources of error was the change of air speed through the conductivity tubes as the equip-

ment oscillated like a pendulum about the vertical. This is i. portant because we were operating
close to the knee of the current-voltage curve.

Dr. Israel--Dr. Parkinson has a question on Dr. Stergis' paper.

Dr. Parkinson--My question is this: Dr. Stergis mentioned a theoretical saturation voltage for
tZ1. 3erdien conductivity meter. This infers that you must know the mobility, and I wondered if you
have any data on the mobility?

. ~, Mr. Coroniti--We have no direct mobility measurements. Inselcctirigthe value of the collecting
voltage we computed the mobility using standard atmospheric tables.

Dr. Parkinson--This question of mobility interests me because from the data that I took in
1947, i got very strong eviaence for a diurnal variation in aeg-itive small ion mobility which suggests
some sort of change in the nature of the ion during the day, and 1 wonder how the nature of ion chanlges
with altitude and I wonder how reliable the theoretical values of mobility are.

A
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Dr. Israel--We shall now turn to questions concerning the measurement of electrical conduc-
tivity at surface stations of different altitude.

Dr. Kuettner--Did you extend your measurements over more than one year, Dr. S-hilling?
And did you get any seasonal changes? It would be surprising if you did not, because practically
all meteorological elements, such as cloud types, travel up and down more than 10,000 ft dtring
the year. From your curve, It was not quite clear whether this is an average value for the whole
year.

Dr. Schiling--Our measurements extended over more than a year. Unfortunately, we have no
defn~e informatIon of the variation as a function of the season becaase the data was ten inter-
mittently during two or three seasons. I am quite sure there is a variation with season. We have
some indications, of course, but I don't think that I want to make any definite statements at this
time.

Dr. Israel--Dr. Nolan wishes to discuss this problem.

Dr. Nolan--In Dublin it was found that the most important element affecting the RaA content of
the atmosphere was wind. Under calm conditions high values were obtained, with increasing air
movement the content diminishes The atmospheric conditions which favored high values of RaA con-
tent favored high values for the concentration of nuclei, and conversely. A considerable portion of the
RaA carriers have mobility between 0.045 and 0.015 cm/sec volt/cm. With high content of RaA and
high nucleus content carriers of lower mobility appear. The associated variatio ,f the radioactive
and nucleus content of the air may partially explain Dr. Schilling's results on conductivity.

Mr. Cotton--I was interested to know whether Dr. Schilling thought there wzs some preferential
mechanism of attachment of the radioactive material to the large particles.

Dr. Schilling--To answer this, actually, I have to refer to Dr. Israel's laboratory experiments
in 193f. He mentions selective abscrbtion of radioactive substances by aerosels. I wonder whether
you wish to comment on this, Dr. Israel.

Dr. Isral--My experiments indicated that there was a close connection between the radioactive
content oTfte atmosphere and the concentration of nucleil.

Dr. Nolan--In Dublin large values of radon content are associated with large values of nucleus

concentraioni. Conditions ;.hich keep radon near the ground act in the same way on the nuclci.
This phenomenon would tend to produce the result found by Dr. SchUlllng--that the conductivity ap-
pears to be independent of local conditions.

in Dublin it was found that radon was removed from air by passage through a cotton-wool filter.

This is in disagreement with ihe results of Hess.

Mr. Reynolds--I think I should ask this question of Dr. Schilling and Dr. Israel. I am not clear E
as to how one resolves the !act that the conductivity seems to be independent of local conditions and
yet the pctential gradient over Wne ocean seems to have a different diurnal pattern than it does over
continental masses. This is true, Is it not.?

Dr. Schilling--If our ideas are correct, it is a variation of nuclei plus a variation of radioactivecontent. This w&,ud be different over land and over sea, which is in a way the answer.

Mr. Reynolds--I think maybe this explains why the conductivity does not vary greatly, but I
then do ,ot see how the potential gradient could have one diurnal variation over the oceans and a
different one over the land masses. If the conductivity is not affected by local conditions, har is
a potential gradient affected by local conditions?
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Dr. Holzer--I believe that the potential gradient is affected by the conductivity, and where the
layer affected is thin, it Is well known that there is almost a reciprocal relation between the poten-
tial gradient °nd the conductivity. The fact that the mean conductivities show a consistent variation
with altitude does not indicate that the conductivity is constant during Whe day. Therefore, there is
no implication that the variation of potential gradient during the day should be the same over land

" i 2" ' sea.
Dr. Gish--On that point, we had many years of record at Carnegie Institution of Washington on

conductivity measurements both positive and negative and potential gradient, and we can compute the
air-earth current density. The air-earth current density as a rule has a different variation more
nearly like that on the ocean than elsewhere, which is in line with what Dr. Holzer said. That is
ccrtainly a conspicuous feature seen for years at three or four observatories for which we had re-
cords. Our records indicate to me that the diurnal variation of conductivity at our observatories
depends largely upon the local environment.

Dr. Isradl--We come to the paper of Dr. Schaefer. There are some comments, I believe. Dr.
Hogg.

Dr. Ho -- Is there any correlation between the meteorological corona observed around the sun
N and Me!ieheadings given by your apparatus in clear weather?

Dr. Schaefer--We have attempted correlations but the situation Is very complicated. There ar,
times when the effect may be produced by dust which may be local or from some distance away.
Local dust produces a negative current. Dust from distant areas may reach considerable heights
in the atmosphere and at sufficient altitude may serve as nucleit for ice crystals. When our currents
are largest, there is usually little scattering near the sun and visibility is unusually high.

Dr. Kuettner--I have two questions. First, I have heard that you measure a change of sign of
the current across the jet stream. Is it correct that either you or Falconer measure different
signs of current north and south of the jet stream?

Dr. Schaefer--A very simple answer is no. In some cases when the jet stream moves north-
ward and is foelowed by -arm air accompanied by low, water clouds, there Is a tendency for the
current to become negative under the clouds.

Dr. Kuettner--My second point relates to the attempt to correlate the high fair-weather current
and he jet stFeam. Those who have tried ether correlations with the jet stream know that there are
several difficulties. There is no general agreement with respect to a definition of the jet stream.
If one defines the jet stream as the region of maximum wind, shown on facsimile maps as an arrow,
one finds that the 'jet stream' is within 200 to 300 miles of Boston and Albany on 60 to 70 pct of all
days. It is probably desirable to use a more stringent definition of 'jet stream': a narrow band
with very limited vertical and horizontal extent w!*] extrenely high winds. I wonder if you could
call your analysis a correlation with strong upper winds rather than with the jet stream.

Dr. Schaefer--In making observations of atmospheric electricity under jet streams the corre-
4: lations obtained w"-e related to the WBAN isotach high level charts showing the wind field and in-

dicating the majc ,xis of jet streams. Much of this work was done by R. F. Falconer of the General
Electric Research Laboratory who found a highly significant correlation. It should be emphasized
that there are many things we do not knor about these manifestations, particularly the sensitivity of
the method for locallzing the major 2xis of the jet. What is needed is a fairly dense network of sta-

N tions which are placed so as to be at right angles to the flow in a region where jet passages are
common. Because of the relative simplicity of the method described it is hoped that suc.h a network
will be feasible.

L,=-



_ I.

83

While it is true that our data are not conclusive at present for telling the difference between
a jet stream passage or just a general movement of high winds, it is believed that the evidence at
present is highly suggestive. The paper was presented to call the attention of specialists in the
field of atmospheric electricity to a new possibility for the use of this phenomenon.

Evidence has also been found that the initial formation of cloudF .rnmediately above the radio-
active probe have a tendency to depress high values if they are occurring in association with a jet
stream. Thus a current flow of 0.05 microamps may drop temporarily to 0.015 while the newly
forming liquid droplet cloud is above the station.

Mr. Reynolds--One has to separate electrical effects of clouds from those due to the jet stream.
Effects due to precipitation in associated clouds might confuse the correlation with the jet stream.

Dr. Schaefer--This, I think is one of the most attractive features of these studies--the differ-
ences which occur. With this simple device we may observe a number of effects which clouds pro-
duce. It should be possible to obtain observations to determine whether the observed effects are
related to early stages of cloud formation.

Dr. Chalmers--There are one or two points that I want to raise. First of all, I would ask Dr.
Schaefer whether he has tested his measuring apparatus against more ordina:y field machines to
see whether it does give the field or anything more. It seems to me the radioactive ionization is
goin to be affected by the wind particularly if you use radium. It is important to know whether
you get the same results with ordinary field measuring apparatus.

Dr. Schaefer- -In the early phases of our work some attempts were made to calibrate our point
collector with the more conventional instruments. This was not carried to a satisfactory conclusion
due to lack of time and the inadequacy of instrumentation. Since the point collector is such a simple
device, it is suggested that it would be very desirable for several specialists in this field who have
field meters to make such comparisons. I would be glad to cooperate.

Dr. Swann asked me in the morning the quantity of radium used on the point collector. This is
approximately 250 micrograms and has a surface area of about 1.6 cm 2 .

Dr. Chalmers--We have used a field measuring device in conjunction with a photoelectric cell
mounted in a vertical tube to correlate the electric field with cloud brightness. In stratocumulus
-louds the thicker portion contains more negative electricity and the thinner parts less. This does
not quite correlate with your measurements but it may be somewhat similar. We also have made
fine weather measurements and we have not observed anything which clearly corresponds to your
observations.

Dr. Schaefer--About the best I may say in comparing the records, is that a simple radioactive
point compared to more complicated field measuring instruments produces the same kind of records
in a qualitative way. In other words, the variation i. sign and relationships during passages of fronts
and other meteorological phenomena gives us the same picture. I believe the main interest in this
device is the simplicity of getting measurements of atmospheric electricity even though its calibra-
tions may be very complicated.

Dr. Wormell--I think that it is Important that Dr. Schaefer's observations and results should
be interpreted in terms of more fundamental quantities. The current in the radioactive point will
depend on the intensity of the field in the space immediately surrounding the point, that is, it will
be a complicated function of the potential gradient and of the distribution of space charge; the lat-
ter will depend on the wird. The observation that the effect near jet streams requires also a strongsurface wind suggests that the latter is required to blow away the charge coming from the point.

A quiescent cloud, containing no particle of perceptable size, can affect the potential gradient
in two obvious ways. If all the particles are very small, the main effect is simply to reduce greatly
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the conductivity throughout the cloud layer. This will reduce the vertical current and ultimately
the potential gradient near the ground. If the cloud contains particles whose velocities of fall exceed
about 1.5 cn,/sec, they will capture negative ions selectively in the normal fine-weather field and
the lower part of the cloud will tend to become negatively charged. This process may conceivably
reverse the normal field. They appear to be observed with some, but by no means all, small cumu-
lus.

An enhanced field near the ground, when a zone of strong wind is overhead but the sky is quite
clear, is more difficult to explain. It implies an enhanced vertical current. Is it conceivable that
the converging of the air stream at high levels to form the jet has caused an enhanced supply of ions
to be fed in overhead, thus giving an increased current?

Dr. Israel--Are there further individual questions or comments on the various papers? If not,
we should have a general discussion now on the problems presented in the papers of this morning.

Dr. Byers--I was gratified to note in these papers a presentation of electrical properties of the
atmosphere in three dimensions. Meteorologists, as most geophysicists, are interested in the atmos-
phere as a whole. Vertical and geographic distributions such as those obtained by the Carnegie
Institution are needed.

Dr. Gish--I want to make one statement following what Dr. Byers said. I like to think of the
statement that was made by Lord Kelvin in connection with atmospheric electricity, that we need
a geoelectric survey of the Earth just as we need a geodetic survey of the Earth.

Dr. Charmers--Space charges in the lowest few hundred feet have a considerable effect on the
field as measured at the Earth's surface. By the use of two field mills separated by 100 m in the
direction of the wind, effects have been found which are explained by space charges moving with
the wind. Some of these are due to puffs of smoke from railway trains, others are probably due to
convection cells or 'bubbles' of diameters of t-he order of two km. Atmospheric electrical obser-
vations may serve to give information about air motion in the absence of clouds.

Dr. Holzer--Before discussing my principal point, I wish to say that Dr. Schilling and I have
made a few measurements with two field measuring devices, one downwind from the other. We
have obtained some results which tend to corroborate Dr. Chalmers observations. I feel that meas-
urements o* the type Dr. Chalmers described offer a very interesting approach to small scale me-
teorological phenomena.

Mr. Wyckoff, Mr. Coroniti, and I have been discussing the desirability of making atmospheric
electrical measurements at altitudes greater than those which may be reached with high level sound-
ing balloons, particularly between 35 km and the ionosphere. This region of the atmosphere can be
explored by rockets but the measurements are time consuming and costly. Therefore, it seems ap-
propriate to ask the opinion of members of this group with respect to the desirability of making the
effort.

The recent measurements of conductivity made with sounding balloons and described here this
morning suggest that the conductivity increases up to 30 km as it would be expectea to if it were
due to cosmic ray ionization. The conductivity may, of course, continue to increase in like manner
up to the D region with no exciting anomalies. However, there is the interesting possibility that an
anomaly may exist near the temperature minimum at 80 km. At high latitudes noctilucent clouds are
observed at this level and recently Miley of the Geophysical Research Directorate has obtained pho-
tographs of clouds between 70 and 80 km at White Sands using rocket-borne cameras. If such clouds,
not visible from the surface, are a persistent feature of the atmosphere, they would create a layer
of low conductivity at night when the D layer is dissipated by recombination.
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In regizn. .i the high atmosphefe Ah, e :nere are no significant particle concentrations, the
measurement ,i _-vnduct~vt.. jr i- de.,sity together with Losmic ray ionization would provide a
me-s., ut measuring the ionic recombination coefficient at !ow pressures. This cannot be done
conveniently in the laboratory because of apparatus walls.

Measurement of the electric field at high altitude would be more difficult because it is ccrtain
to be small and because the rocket will in general be charged.

I have mentioned only two or three examples of high altitude measurements in the hope that
some of you may wish to offer alternate suggestions or to express an opinion with respect to the
value of these measurements which require considerable effort.

Mr. Burnight--Dr. Holzer's comments on such experiments on conductivity, potential gradient,
and air glow are well founded. Such experiments have been performed by the Naval Research
Laboratory in a preliminary fashion sufficient to provide some data establishing the feasibility of
such a program of investigation. Over five rocket flights beginning as early as 1947 have been
successful in providing interesting results. At altitudes above 70-90 kin, the interpretation of
these experiments becomes very difficult; therefore, this work should be intensively studied and
expanded.

Dr. Isra61--Are there questions too?

Dr. Fuchs--I refer to the words of Professor Hr.zer and should like to say a few words about
the problem he mentioned. The noctilucent cloud layer, is of greatest interest for it is situated be-
tween the lowest part of the ionosphere and the upper-most boarder of the ozonosphere.

Therefore, all that happens in this thin region is of outstanding interest. We have not only to
understand thermodynamical events therein, but also their origin. At the moment, very little is
known about this region and I may draw your attention only to the fact that this level is also that
of the reflection of the very long radiowaves, the only ones which in long-distance transmission
are very little affected by disturbances due to solar flares. You know the practical importance of
this problem and also the extensive work done in forecasting the variation of the electromagnetic
behavior of this reflecting layer.

Furthermore, this region is that which refulates or controls the propagation of the click
sferics produced by lightning flashes.

If you intend to help those men who have to make forecasts for this practical purpose and
others, you must not forget to deliver to them the knowledge they need about the physical status
and the thermodynamical behavior of this 80-kilometer region. Our knowledge of this region is
small. The very seldom possible observation of the noctilucent clouds is the only one which gives
us a little knowledge about the direction of air mass transport in these regions.

This is much too little and, therefore, it is high time to use new and effective means to in-
crease our knowledge about this physically, highly interesting region.

Dr. Isra~l--I thank you very much.
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A SURVEY OF AIR-EARTH CURRENT OBSERVATIONS

A. R. Hogg

Commonwealth Observatory
Canberra, Australia

Abstract--Most atmospheric electric quantities have little more than local signifi-
cance and reflect mainly meteorological, industrial, and domestic conditions at the place
of observation. An exception is the world-wide simultaneous diurnal variation in poten-
tial gradient over the oceans which is attributed to changes in the potential V, of an upper
conducting layer in the atmosphere.

The present work uses an equation for the variation of conductivity with height de-
termined by Gish and Wait to fix a relation between the total conductivity at the ground
('0) and the air-earth current i. It is found that a parameter a = i/X 0 0.5 should be sta-
tistically proportionai to V. Accordingly mean values of a should show a parallel vari-
ation with the time even for widely separated stations. This is confirmed by an exam-
ination of results from Watheroo, Huancayo, and Tucson.

The aim of this work is to find some world-wide regularity amongst the many published ob-
servations of atmospheric electric quantities at various land stations. It is well known that the
most frequently measured atmospheric electric quantity, the potential gradient, is subject to great
fluctuations from station to station even on electrically quiet days and that, over land, the character
of the variation changes from place to place in no very regular way. Even thL habits of the popula-
tion surround'ng the station can influence the variation of the Earth's field as may be instanced by
the change in standard time of the maximum at Kew with the introduction of summer time [WHIPPLE,
19291 or the excessive range of gradients encountered by SAPSFORD [1937] at Apia on Sundays dur-
ing and after intensive cooking operations by the inhabitants.

Atmospheric electric conductivity over land is also subject to much variation from place to
place. The cdnductivity depends on a balance between atmospheric ionizers, atmospheric pollution,
and meteorological conditions and may change from place to place by a factor of 25 or so, again in

a highly individi'al fashion. There is less variation in the air-earth current than in the other quan-
tities but even here mean vales vary by a factor of four or five from station to station and again,
from rather scanty knowledge, the diurnal variation does not display any conspicuous regularity
from place to place according to universal time, although there is a tendency for the quantity to be
a maximum in the morning according to local time.

Outstanding regularities have been demonstrated by MAUCHLY [19261 in the results of the
cruises of the Carnegie, namely, that over the oceans the diurnal variation of conductivity is negli-
gible and that th-e varations of potential gradient and air-earth current at all places where measures
were made during fine weather both follow the same diurnal course; that is a single waire with a max-
imum at about 20 hours GMT. This result has been confirmed by later work, TORRESON and Others
(19461. It supports the often-used model of the fine weather atmospheric electric process as a leak-
age current across the dielectric of a gigantic spherical condenser, with the Earth's surface as
cathode and a conducting region in the upper atmosphere as anode. The conductivity of the anode
region is sufficiently high compared with the conductivity to ground to ensure that changes in the
potential of the anode region take place simultaneously or nearly so over the whole Earth. As well
known, WHIPPLE [1929] following a suggestion by Appleton has been able to show that the world-
wide variation of gradient over the oceans is in phase with the global variation of thunderstorm
frequency. This, coupled with the more recent work of GISH and WAIT [1950] on the electric cur-
rents over thunder clouds, does much to support the idea of the thunderstorm as the major agency
for maintaining the Earth's field.
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Traces of the 'ocean' type of world-wide variation of potential gradient are found at land sta-
tions under conditions of presumably vniform conductivity. For exan.ple, ALLEN [19391, has found
that on Mt. Stromlo the first harmonic of the potential gradient nurmally shows a maximum at 22-
23h GMT, but on days of contih.uous wind, the variation more closely approaches the ocean type and
shows a maximum about 19h GMT with a big re .uction in the amplitude of the second harmonic.
This again supports the idea of an unper conducting layer.

Obviously the common factor which will appear in all atmospheric electric potential or air-
earth current results is the potential V of the conducting layer. This, combined with a concept
developed by GISH [1944], namely, the columnar resistance of the atmosphere R (that is, the resist-
ance of a unit cross sec~ion of the atmoosphere between ground level and t. conducting layer) de-
ternmines the air-earth current i at any locality. Summarizing

i = V/R

Of these three quar-tities it is practicahle to measure regularly ,ily i; but an estimate of R may be
obtained from the variation of conductivity with height. GISH and WAIT [1950] have shown from the
results of the Explorer Ii ascent as well as from a number of aeroplane flights that the conductivity
at a height It is given by expre,->ions of the fclowing form: for positive conductivity

X aX . b h2S1 = )01 1 lh

for negative conductivity
)2 = 02 + 2h

where X0 1 and '02 are positive and negative conductivities at ground level respectively and b 1 and
b 2 are constants which differ from each other. Accordingly without distinction of sign

X = ,,1 + X2 = '0 + bh 2

Whilst )0 is relatively well known, information about b is scanty being effectively limited to the re-
sults quoted above wheie an average figure of b = 44 x 10-10 (for conductivity in units of ohm-lcm- 1

x 10- 1 and h in cm) is given. The value of b may be expected to depend to some extent on meteoro-
logical conditions and to vary from place to place but probably to a less extent than say X0. The
resistance at any height is

p = /( 0 + bh 2 )

and the resistance of a column of the atmosphere of unit cross section up to a height h is
h

Rh f pdh = (bk0)- 0 5 tan-i [h(b/X 0 )0 "5  U
0

For large values of h (15 km or more) the value of the tan- 1 term commences to approach its limit-
ing value of 7r/2 and with a consiaeraole degree of approximation it is possible to express the air-
earth current as

i -- 2/3 (b o)O 5 V ........................ (1)

With representative values of X0 = 300 x 10-18 ohm - ' cm - 1 and i = 250 x 10- 18 amp cm - 2 and t.he
value of b givea above V = 3.4 x 105 volt which is about the accepted value.

An ebjection may be raised to this method of approach because the conductivity of the upper
portion ol the atmosplre, is presumably controlled by the absorption of cosmic radiation and ionic
recombination in clean air; that i", by mainly constant factors, whilst the conductivity of the lower
layers, which contribute largely to the total resistance of the atmosphere, is greatly dependent on
variable meteorological conditions and accordingly the total effect would need to be represented by
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a more complex equation than that given above. Whilst this may be so, attention should be drawn

to curves by WHIPPLE [1936] comparing the percentage diurnal variations of the columnar resist-

ance over Kew with the specific resistance of air near the ground. Under both winter and summer

conditions the two curves run largely in parallel except for a short period about 09h GMT (Presum-
ably before diurnal convection has become effective in dispersing the early morning pollutlon) when

a maximurm of resistance near the ground is not reflected in the columnar resistance.

To examine (1) it is convenient to define the quantity a = i/), 0
0 "5 - (2/3) b 0 ' 5 V. It is not to be

expected that a will necessarily be a constant, for b might vary from place to place and with the

season, whilst V, although probably constant for all places at a given moment, might vary with the

time. However, it might be expected that values of b at any one place over an integral number of

years would be nearly constant and that V (as it averaged over the globe) would not vary greatly.
Thus annual averages of a may be roughly constant. The relation is best shown by plotting annual

j means of i and X R0.5 (Fig. 1). The derivation of this figure and the sources of the data are listed

in another place [HOGG, 1950]. Some additional references have been made and figures revised
using data given for Watheroo [TORRESON and WAIT, 1948], Huancayo [WAIT and TORRESON, 1948],

and Tucson [WAIT, 1953]. The averages used are derived only from sets of observations which ex-
tend over a reasonably long period, at least twelve months and usually much longer. The results

are not as homogenous as might be desired having been obtained by several different methods, and

this could account for some of the scatter.
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of i and )00.5 for single stations

The relation between i and i0 "5 is also shown to some extent in results from a single station.

UMonthly averages of observations from one station were arranged in order of conductivity and

divided into groups containing equal numbers of observations from which means were found. These

arc shown in Figure 2 for five stations. That the relation holds individually for the stations suggests

that b and V or at any rate the product b 0 -5V does not vary much. It will be seen later that whilst V

apparently undergoes regular increases and decreases these do not amount to more thai a few per

cent in the mean and thi w,;id not be very appreciable in Figure 2 even f chan ges in b did not occur.
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,.925 !90 5 1940 ;94 IMS
The analysis offers the opportunity of ex-

,aamining long period variations in V. If values
ie. of a for any one place be averaged over a few

years it might be expected that the effect of any
random local fluctuations in b would be elimi-
nated and that any residual systematic variation
could be attributed to changes in V. In this case

,'-o, I* CAW -~k values of a oc..ned for different stations would
. "show parallel variations with the time. Long

"I.-s series of observations suitable for this purpose
are rare, especially as it is also required that

they should be carried out at the different
-- , places by carefully standardized methods. For-

tunately three homogenous sets of observations
13 are available. They were obtained by the Car-

, -negie Institution': equipment at the widely sep-
12 ""arated localities of Watheroo, Huancayo, and

Tucson, where continuous recorders of similar
I. pattern were installed. The annual means of

I"" ii", 0
0 "5 for these three stations have been

worked out from the published data mentioned
above and are shown in Figure 3 in the form of
running means for periods of four years. This

K degree of smoothing appears to be necessary
to remove chance fluctuations. Each point,
therefore, represents an average of between

50 10,000 and 20,000 hourly readings. There is
a remarkable similarity in the course of the

o curves for these three stations. At Watheroo
and Huancayo, where the observations cover
the same period, maxima occur in 1928 and
1940 with minima at 1933-34. The relative
heights of the maxima differ at the two sta-
tions, the 1940 maximum at Huancayo being

Fig. 3--Variation of a with time higher than the one at Watheroo. The Tucson
results do not cover the same period but also

show the maximum near 1940. Closer examination shows that the actual maximum plots at
Watheroo, Huancayo. and Tucson occur in 1939, 1940, and 1941 respectively but recalling the
statistical nature of the data it is likely that the three sets of figures could be represented
by curves with maxima at 1940. Fragmentary data exist for Ebro and Canberra and, though
of considerably less weight than that from the three main stations, support the general trend.
A long series of results has been obtained at Kew (London) but is not used here because of
the exceptionally high degree of atmospheric pollution existi..g at that station.

Normalized points (that is, percentage deviations from each station mean) far the con-
current portions of the data for Watherco, Huancayo and Tucson are shown in Figure 4,
along with a mean curve derived for all three stations. The correspondence is not exact
but again the small range and the statistical nature of the results suggests that the results
for the three stations might be fairly represented by a common curve.
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The curves of Figure 3 at first sho a cer-
I tain parallelism with the sunspot curve which is

shown at the lowest curve of the figure. The co-
incidence of the maximum of a is good for 1928

4ZS I but sunspot maxi um of 1938-1939 is somewhat

, ... in advance of the maximum of a, and by 1948 the
,o. "curves are anti-parallel. The present results,

-f ,"'U s. like many other atmospheric electric observations,
.2 _ , -. - fail to demonstrate any conclusive solar-terrestrial

.* _._ __ _ __ relations.
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ME. SUREMENT OF THE AIR-EARTH CURRENT DENSITY

H. V. Kasemir

Deutscher Wetterdienst
Meteorologisches Observatorium

Aachen, Germany

Abstract--There is no doubt today that the simultaneous registration of the atmos-
pheric-electric field F, the air- earth current i, and the conductivity is necessary for the
evaluation of atmospheric electric measurements. in this field the re&:stration of the
air-earth current i involves specific difficulties, not only with regard to the smallness
of this current, but also because the conduction current is superposed on the large cur-
rent of influence charges. This troubling influence current can be eliminated completely
as may be shown theoretically and experimentally. From the Maxwell equation the fol-
lowing equation for the current J (through the measuring " -sistance) is deduced

J=(e/T)i+(l/T)fl - /Tr)e-t/Tf I etTdt

where t is the time, 0, the time constant of the atmospheric electric field at the measur-
ing place, and T, the time constant of the input of the apparatus. The air-e-arth current i
can be given as a function of time in any form. From this equation follows J = I. for 8 = T,
that is, the current J flowing through the measuring resistance is identical with the air-
earth current. The troubling influence currents, which are given by the second term of the
equation, are compensated to zero. By a more electrotechnical substitute circuit diagram,
the meaning of the condition 8 = T is demonstrated. From the slow diurnal variations up
to the quick variations of lightning flashes the recording of the air-earth current is inde-
pendent of the frequency and correct in the amplitude. The registration apparatus is
simple and the theory is clear so that the air-earth current is now accessible for the at-
mospheric electric technique of measurement.

For a long time it has been pointed out that simultaneous measurement of all of the three ele-
ments of atmospheric electricity is important. For the most part the potential gradient and the
conductivity are recorded and the air-earth current is calculated from these elements. Normally,
the expression 'air-earth current' is used for the conduction current whose carriers are ions mov-
ing in the direction of the electric field. This, however, should not be confused with the convection
current which is carried by precipitation particles moving against the electric field and with Max-
well's dielectric current, commonly called 'influence current.' In the following discussion, we skall
consider only the conduction and influence currents, but not the convection current.

A measurement of the air-earth current, that is, the conduction current, is very difficult since
it is strongly disturbed by the influence current. In the following I will explain a method which yields
a clean separation of the conduction current from the influence current. The air-earth current is

usually measured by means of a plate exposed to the open air. This plate picks up the air-earth
current which then flows through a calibrated resistance to the Earth and the voltage drop across
the resistance is measured. With this method, the influence current is simultaneously being picked
up. This effect is due to the existerce of a capacity between the plate and the air. There exists
also a certain capacity between the plate and the ground. Thus, a capacity lies parallel to the re-
sistance of the air column above the plate as well as across the calibrated high resistance to the
ground below the plate. We arrive at the followin: circuit diagram shown in Figure 1. The follow-
ing is an explanation of the symbols used:

r = the resistance of the unit volume of the air
F = the capacity of the unit volume of the air

R = the high ohm resistance to the ground

C = the capacity parallel to this resistance.
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Normally C is only a few ApF but it
may increase to much higher values up to

100,000 jIuF by long cables or by the addi- 4G rticn of commercial condensers. We willi T see how the accurate measurement of the i
Sair-earth current depends on the proper

P __ magnitude of the condenser C. c represents//77,//" the influence effect of the field and is iden-

tical with the dielectric constant. This di-
C electric constant is interpreted in our

diagram as the specific capacity of the
IC unit volutme of air, as will be shown later.

_ The input of the recording device (elec-
trometer or the grid of an electrometer
tube) is connected with the plate P.

Fig. 1--Circuit for measurement of
air-earth current Now we will calculate the currents

which flow through each of the resistances.
I lie idea behind these calculations is to find a circuit which allows only the air-earth current but
not th,, dielectric current to proceed through the resistance r, the plate, and the resistance R. The
dielectric current, on the other hand, should go through the condenser c, the plate, and the condenser
C. At first, the calculation will be given in general terms by solving the differential equation which
is derived from Maxwell's equations. Later on, we will see that the same result can be obtained
simply through application of Ohm's law using Lte circuit diagram. Here we start with the Maxwell
equation

U O/)t + i =c= curl H ....................... (1)

The first term means the Maxwell dielectric current, i is the conduction current; consequently, c,
the sum of both of these terms is the complete Maxwell current. Curl H is the rotation of the mag-
netic field. We take the divergence of (1) and obtain

div (aO/t + i) =div c =0 ...................... (2)

divergence c 0 indicates that for the unit volume considered the outflowing current c2 must be
equal to the inflowing current c1 . Thus, we arrive at the simple equation

c = c2  .............. (3)

which means, mathematically expressed, the integration of (2).

This result will now be applied to our plate which is exposed to the air-earth current. The di-
electric current F a 0/at and tne conduction current Fi flow through the plate with a cross section
F. Flowing away from the plate are the currents I through resistance R and IC through the capacity
C. Consequently we get

F (aO/at + i) 1 + IC . . . . . . . . .. . . . . . . . . . . . . .  (4)

We are now interested in the current I through R as a function of the air-earth current i. There-
fore, we have to try to eliminate from (4) the expressions a8/at and IC . For the first expression
this can be done by means of the well-known equations

0 eE and XE =i .................... (5)

In this equation e means the dielectric constant, X, the conductivity, and E the electric field. Through
differentiation with respect to time t, we get the expression
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ae/at - (C .X) ai/at ....................... (6)

which gives the desired relation between the dielectric and the conduction current. To eliminate IC
we use the fact that the resistance R and the capacity C are affected by the same potential drop,
indicated by the letter U. R, C, and U are interrelated through the simple equations U = IR and
U = Q/C. Q is the charge of the capacity C. The variation of Q with respect to time, dQ/dt, is the
current Ic and we obtain a relation between the current IC through the capacity C, and the current I
through the resistance R.

I = dQ/dt = C dU/dt = CR dI/dt ................... (7)

By means of (4), (6), and (7) we obtain the differential equation

CR dI/dt I = [(c/X) a i/at + i] F ................... (8)

The expression T = CR is the time constant of our input circuit. The expression 0 = f/X is the well-

known time constant of air. Eq. (8) can be solved without difficulties and we obtain

I= F[Ae - t T + (0/T) i + (1/"L) (1 - 0/T) et/rft ietiTtdt' .......... .(9)

At first sight, (9) appears to be rather complicated; we have to consider, however, that this
equation is of general validity, since any function can be introduced for the air-earth current i.
Even without specifying the function for i, important conclusions can be drawn from this equation.
The first term of the right side with the integration constant A determines the transient response.
It will decay with increasing time and therefore it does not have to be discussed any further. The
equation, thus, assumes the simplified form

I = F [(0/r) i + (1/r) (1 - 01T) e- t / T  iet /rdt ] .............. (10)

The last term of the right side of (10) will be zero for the case 0 = T; that is, it will be zero if
the time constant of the input circuit is equal to the time constant of the air. Then we obtain from
(10)

I = i F ............................. (11)

In this state the entire air-earth #.urrent picked up by the plate will go through the measuring re-
sistance, whereas, all of the influence currents are deviated to ground through shunted capacity C.
For example, we have to shunt the high ohm resistance of 1011 ohm to a parallel coupling of a
capacity of about 9000 liWF in the case where the time constant of the air is about 15 minutes or
900 seconds. This shunting capacity is not, as heretofore, to be interpreted as damping capacity
which more or less neutralizes the influence charges, but it has to be interpreted as balancing
capacity by which we match the input of the measuring instrument to the atr..ospheric electrical
circuit. This capacity is necessary to the correct balance by which we obtain nct only an approxi-
mate but an exact registration of the air-earth current for all frequencies from zero to infinity.
Variation from the fastest changes of the air-earth current, such as occurring during lightning dis-
charges, down to the slowest diurnal variations is not only theoretically possible but has been prac-
tically carried out at the Meteorological Observatory at Aachen for quite some time.

If we choose to make the input capacity C smaller than is necessary for balancing, so a -)art of
the influence current flows through the high resistance the circuit registers the well-known violent
disturbances. If we choose to make the input capacity C larger than is necessary for balancing, a
part of the air-earth current will be needed to charge the capacity. In this case the capacity C acts
as a damping condenser and smooths out the fluctuations of the air-earth current. Both cases are
of practical importance.
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The first case, where the input capacity is too small, mismatching i' suitable for recording
the short-period current variations. This is again a measure for the exchange in the atmosphere
which is normally difficult to record by other measuring devices.

The second case, where the input capacity is too large, -lismatching Is suitable for recording
long-period current variations. For instance, in the investigation of the correlation between single
weather periods and air-earth currents these long period current variations often occur.

We utilize (10) for investigation of mismatching by different frequencies of air-earth currents.
The integral in (10) can be easily solved if we introduce the air-earth currents as sinusoidal alter-
nating current.

i = ioeJw t  ........................... (12)

j root of minus one, signifies the imaginary unit, and w signifies the angular frequency. Substitut-
ing (12) in (10) we obtain the following expression

I [(1 + jw0)i(1 + jwT)] iF ...................... (13)

h.- If &)0 and OT are small in comparison with unity, that is, the duration of the current variation is
great In comparison with 8 and T, we can neglect the terms jaw0 and jcoT compared to unity. We ob-
tain again the single equation I = i F. If, however, the duration period of variation is small then we
obtain approximately I = (0/T) i F.

If the ratio O/T is larger or smaller than unity, then the measured current I will be larger or
smaller than the air-earth current.

In closing I would like to show that (13) can, in a simple manner, be derived from the circuit
diagram with the help of Ohm's law. Hereby, the main point Is that we are able to interpret the di-
electric constant e as the capacity of the unit volume. We can do this with the same correctness
as we interpret the conductivity X as specific conductivity of the unit volume of air. We can show
that best by a comparison of the definition equation. The conductance L of a square with the cross

A section F and the height h is given by the expression L = XF/h, if X is the specific conductivity.
-Af The capacity C of the same square Is given by the well-known equation C = C F/h.

From these equations we obtain the specific conductivity as X = L h/F and the specific capacity
as e = C h/F. The analogy of both formulas speaks for itself. 6 has the dimension of a specific
capacity, namely farad/n. Thib is an analog to the dimension of the specific conductivity mho/m.
Sir.ce e fulfills in addit:,n all calculation rules which are derived for calculating capacities in elec-
trical circuits, we can therefore interpret 6 as capacity in our circuit diagram. Besides the presently
used symbols we introduce for the current through the capacity e the symbol ic. The current ic
is identical to the Maxwell dielectric current or influence current density. In the manner we derived
(4) we can now in a similar manner derive from the circuit diagram the following equation (Kirchhoffs
law)

(i + i ) F =I + IC  ......................... (14)

- Now we have to eliminate from (14) the expression ic and IC . Since the potential drop across
N r and c must be equal, we obtain on the basis of the Ohm law ir = (1/jwc) ic. In the same manner

we obtain for the input circuit IR = (1/jwC) Ic And from this get

ic = ijwrc and IC = IjWRC .................. (15)

Taking into consideration that rc = 6/X 0 and RC = T, so we derive from (14) and (15)

iF (1 + wO) =1 (1 + jwTl)
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or also

I= (1 + j09)/(I + j T) i F ...................... (13)

We thus obtain the same result as we have derived above by the integration of Maxwell's equation.

This method of matching the input of our measuring instruments with the atmospheric -electric
circuit by means of shunting an accurate capacity is simple to apply from a technical viewpoint. As
mentionel before, this method has proven its value by the registration of air-earth current at the
Meteorological Observatory in Aache:. This method has worked excellently in registering the air-
earth current during lightning discharges, thunder clouds and fair weather. I hope that this method
will help other atmospheric electricity research stations to overcome the difficultc. encountered
in registering the air-earth current.
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A PROGRAM OF SIMULTANEOUS MEASUREMENT OF AIR-EARTH CURRENT DENSITY
R. E. Holzer

Institute of Geophysics
University of California, Los Angeles, California

Abstrac,--A program of simultaneous measurement of air-earth current density at
remote stations with the purpose of distinguishing local and world-wide atmospheric elec-
trical effects is described. Mountain stations are found to be superior to low-level land
stations because local meteorological disturbances are smaller and more consistent. An
investigation of the characteristics of Palomar Mountain has been made through simul-
taneous surface and free-air measurements. Two principal systematic local effects have
been observed at Palomar. An exchange layer which develops in mid-morning and dis-
appears near sundown lowers the air-earth current through an increase of atmospheric
resistance over the mountain. It is found that the variation of the air-earth current to
the mountain during the night hours is similar to corresponding variation in the air-earth
current over the oceans. However, when correction for the variable resistance of the ex-
change layer during the daylight hours is made, the ratio of the air-earth current at Pal-
omar to the air-earth current over the oceans is higher than at night. Posqible causes
of the rise of the air-earth conduction current during the day are suggested.

During periods of fair weather the air-earth current density is controlled in part by the poten-
tial difference between the Earth and high atmosphere and in part by local meteorological conditions,
At land stations, the world-wide and local controls frequently produce variations of comparable
magnitude thus making air-earth current records difficult to interpret. Even over the sea, local
disturbances exist but the fact that these disturbances are random in time makes possible the use
of averaging techniques to accentuate the world-wide effect and to mihimize local disturbance. At
present our knowledge of the character of the world-wide control pattern rests largely upon the
mean diurnal variation of the potential gradient at sea for each of the four seasons.

It would clearly be desirable to have a better measure of the diurnal pattern of the potential
difference V between the Earth and high atmosphere for shorter intervals of time so that one could
assess its value as index in global problems of meteorology. A better measure of the world-wide
control would also find use in simplifying the analysis of the relation between certain local mete-
orological conditions and atmospheric electrical measurements.

In 1950 we undertook a systematic search for better observing stations where the character-
istic magnitude of local disturbance was small and possibly calculable. It was expected that if
such stations could be found, simultaneous measurement at two or three such stations would pro-
vide a satisfactory measure of the mean diurnal variation of V for periods of a few days rather
than for a season.

In the course of the project, measurements have been made at some forty land stations in
California and on islands in the Pacific Ocean. Extended measurements have been made at about
15 of these land stations. The observing sites have ranged in elevation from sea level to 4000 m
and have been located in several climatic regimes. In addition, measurements of about five months
duration have been made over the Pacific Ocean between 170E and 120CW longitude and between
35°N and 20°S latitude.

SCHILLING [1955] discusses results of one phase of the program and RUTTENBERG [1955]
describes the sea measurements in the following paper. This paper will be confined to selected
portions of the land measurements.
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The air-earth conduction current density was computed as the product of potential gradient
and conductivity. The potential gradient was measured continuously by both field mills and radio-
active collectors with appropriate electronic circuits and Esterline-Angus recorders. The con-
ductivity was measured continuously with a modified Gerdien-type instrument used in conjunction
with a vibrating reed electrometer and pen recorder. While most of the measurements [ave been
made in this way, instruments for measuring air-earth current directly have been built and used
in the fieil. In principle the instruments are similar to that described by KASEMIR [1951].

The preliminary test of stations usually consisted of measurement of the vertical conduction
current density for four consecutive days of fair weather simultaneously at two stations. Figure 1
is a representative sample of tests at four stations in February, 1952. West Los Angeles and Sage

16 20 24 4 8 12 16 PST 6 20 24 4 8 12 16 PST
S- T.ALOMAR - MT. PALOMAR 10.0
.... WEST .ioo\

4.0 8.. 88.

2.0 4.0 ... 4.0

0 4 8 12 16 20 24 GMT 0 4 8 12 16 20 24 GMT

16 20 24 4 8 12 16 PST 16 20 24 4 8 12 1 PST
8.0 - 'CATALINA' 8.0 12.0 CATALINA' -120

-- WEST L,.A. '- MT. PALOMAR
6.0 .- 6.0 10.0 I0.0

2.0 r 2.0 6.0 6.0

0 4 8 12 16 20 24 GMT 0 4 8 12 16 20 24 GMT

Fig. I--Diurnal variation of air-earth current density at pairs of stations
in Southern California, 1952 (amp/m-2 X 10-12)

are low level stations, the former on the coastal plain and the latter in a semi-arid region away
from the coast. Palomar Mountain is at 1700 m elevation and 50 km from the ocean while the
Santa Catalina station is at 500 m altitude on an island 35 km off shore. At most of the stations
the trend of the air-earth current density i is very similar during the night. During the daylight
hours i at the low level stations falls significantly relative to the values at either Palomar or Santa
Catalina Island. This is consistent with the vertical development of the exchange layer accompany-
ing surface heating. The Palomar and Santa Catalina diurnal curves show the greatest similarity
in shape and both resemble the dirunal potential gradient curves at sea for the winter season. In
general the stations at the tops of the higher mountains proved most satisfactory, as expected for
several reasons. This result appears to be in agreement with some recent work of ISRAEL [1955]
on mountain stations in Europe.

Figure 2 shows the measurement of i at Palomar Moantain and White Mountain 500 km north of
Palomar. The elevation of the White Mountain station was about 3300 m. The records are for three
weeks in June, 1952 and represent 20 days recording at Palomar and (due to weather and instrumen-
tal difficulties) only five days on White Mountain. The mean curves are strikingly similar in trend,
and indicate that persistent features of the local meteorological control are similar in amplitude
and phase at the two stations.
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4_ Fig. 2--Diurnal variation of air-earth current density at mountain stations
at same longitude, 1952

In the summer of 1953 two types of test were undertaken: (1) simultaneous ground and airplane
tests in the vicinity of Palomar Mountain, and (2) simultaneous measurements on White Mountain
and Haleakala, a volcanic peak in the Hawaiian Islands. Time permits only the description of the
first of these tests which was a joint project carried out by the Geophysical Research Directorate
of the Air Force Cambridge Research Center and the University of California. The airplane meas-
urements were made by the Geophysical Research Directorate under the direction of Mrs. Rita
Sagalyn and her colleagues. The basic plan of the test consisted in continuous measurement of i
at three stations, two on level areas within 30 km of Palomar and one on top of the mountain. The
airplane equipped to measure conductivity as well as large and small-ion density and meteorolog-
ical parameters circled the stations at constantly increasing or decreasing altitude. The maximum
altitude of the plane usually 3000 to 4000 m was determined by the level at which the conductivity
became the same over each station. It was possible from the plane measurements to compute the
resistance of an atmospheric column over the station to 3000 m. During the three week period of
observation ten flights, each of several hours duration, were made. Because of meteorological

_3 conditions results were satisfactory for only two of the ground stations, Palomar and Lake Henshaw
at 1700 and 800 m, respectively. Figure 3 shows the mean diurnal variation of the resistance of

MT. PALOMAR ,. LAKE HENSHAW
,6 , 6 '-'

x- x

0 4 8 12 16 20 PST 0 4 8 12 16 20 PST

Fig. 3--Diurnal oscillation of columnar resistance

the atmospheric columns over Palomar and Lake Henshaw from the surface to 3000 m. The mini-
mum resistance was found near dawn, while the maximum occurred shortly after noon for Palomar
and about 16 h local time at Lake Henshaw. Lake Henshaw was found to be in the dense-particle
layer at all times while Palomar was out of the particle layer during the late evening hours and
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until two or three hours after sunrise. In attempting to compute the potential difference between
Palomar and the high atmosphere, It was assumed that the resistance above 3000 m was the same
as computed by GISH and SHERMAN [1936]. However, before using the computed oolumnar resist-
ance (not strictly applicable to mountain measurements) it was necessary to make an empirical
correction for the convergence of the current to the mountain top by comparison of the Palomar
and Lake Henshaw measurements. Figure 4 shows the computed mean diurnal variation potential
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20150 100

0I0 • ! .50 ac f

0 4 8 12 16 20 24 GMT
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Fig. 4--Comparison of computed value of V for Mt. Palomar, June, 1953,
and measured potential gradient at sea (Carnegie)

of the upper atmosphere over Palomar for June, 1953. On the assumption that the potential gradient E
at sea is proportional to the same potential difference between the Earth and high atmosphere, the
curve of E taken on Cruise VII of the Carnegie for May, June, and July is shown on the same diagram.
Again the agreement is very striking. It indicates that the variation in the diurnal resistance of the
atmosphere over Palomar represents the princ'-al persistent local effect (about 20 pet of the mean).

To determine whether there were any striking local peculiarities in the site chosen for the test
we placed potential gradient instruments at another point on Palomar Mountain and on Table Moun-
tain about 150 km to the north. Figure 5 shows the mean diurnal variation of the gradient at three

p
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100O 1./100
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50 50.
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Fig. 5--Comparison of potential gradient at three mountain stations, 1953
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stations during the test. The similarity is obvious and there is reason to believe that air-earth
current records would have been in even better agreement. The observations at Palomar appear
to be characteristic of other mountains in the region.

Another local effect is apparent in the data from Palomar. After the curves in Figure 4 have
remained essential/l7 parallel during the night the curve for Palomar begins to rise more rapidly
than the ocean curve after local sunfise at Palomar (05 h PST). It exceeds the ocean curve by the
maximum amount at local noon. A similar effect, a rise of air-earth conduction current after
sunrise. has been found at nearly all other stations at which we have made measurements. The
apparent rise of V above the sea curve is presumably due either to the development of an EMF in
the atmosphere, to the fall of the resistance of the column, or to the development of a convection

1 current in the first few meters above the surface. We have been making some tests to determine
whether the developme"" of a convection current near the instrument will cause the conduction
current to exceed the t. il air-earth current. These tests have not been carried out over a suf-
ficlently long period to permit any final conclusions. If these tests fail to produce an explanation
for the observations in the surface layer of the atmosphere, one will be forced to look high in the
atmosphere possibly to a layer of particles around 80 kin which is out of the highly ionized region
of the atmosphere at night but within the D region during the day.

The present series of experiments on mountains will be carried on during the next six months
when it is hoped that a few of the remaining problems will find some solution.

I wish to express my appreciation for the cooperation of G. F. Schilling, S. Ruttenberg, L. G.
Smith, and others who were la- 'V responsible for conducting the tests I have described. The
research reported in this pape. • made possible through the support and sponsorship extended
by the Geophysical Research Directorate of the Air Force Cambridge Research Center, Air Re-
search and Development Command, under Contract No. AF19(122)-254.
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ATMOSPHERIC ELECTRICAL MEASUREM-ENTS IN THE PACIFIC OCEAN

S. Ruttenberg and R. E. Holzer

Institute of Geophysics
University of California, sos Angeles, California

Abstract--An atmospheric-electric research program was conducted during Operation
Capricorn, a five month's geophysical marine expedition to the central Pacific undertaken
by the Scripps Insti.tuion of Oceanography of the University of California. Continuous
records of the potential gradient and positive conductivity were obtained from a field-mill
instrument and a Gerdien-type conductivity apparatus, respectively. Mean monthly values
and diurnal curves of both variables are presented. The seasonal mean diurnal curves of
the potential gradient on Operation Capricorn are in striking agreement with the corre-
sponding seasonal mean curve for Cruise VII of the Carnegie indicating no important secu-
lar change in the diurnal seasonal pattern. Some en ence is found for a small local diurnal
effect superimposed on the global fluctuation of potential gradient.

Introduction--At the beginning of the program of simultaneous atmospheric electrical measure-
ments described in the previous paper [HOLZER, 19551, it was recognized that new measurements
at sea on the scale of the measurements made on the rn [TORESON, CI, PARKINSON,
and WAIT, 1946 would be highly desirable. Two preliminary cruises in the eastern Pacific Ocean
near California provided experience in sea measurements and an opportunity to test the measuring
equipment. Due to unfavorable weather, the first records were of little value in determining the
global diurnal variation of the potential gradient. The first opportunity for extensive sea measure-
ments far from continents was provided by Operation Capricorn, conducted by the Scripps Institution
of Oceanography of the University of California. While the expedition was primarily concerned with
submarine geological measurements, programs in oceanography, tropical meteorology, and atmos-
pheric electricity were included.
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Fig. I--Track of R/V Horizon during Operation Capricorn
Scripps Institution of Oceanography
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Figure 1 shows the course of the expedition which left San Diego on September 26, 1952, pro-
ceeded west through the central Pacific to the Marshall Islands and returned to San Diego on Feb-
ruary 25, 1953. During the main part of the expedition from Kwajelein to San Diego the weather

was generally fair with only two short periods of complete overcast. Occasional periods of un-
settled weather, involving local squalls of less than two hours duration, represented only a small
fraction of the total observing period. Records from these periods of disturbed weather were elim-
inated in the analysis. No other selection of data on the basis of weather was made. Approximately
two-thirds of the steaming time from November to February provided good records. The remaining
one-third of the total period failed to provide satisfactory records for one of the following reasons:
ship not steaming during oceanographic operations, ship In port, occasional instrument failures,
and disturbed weather, mentioned above.

Instrumentation--During the preliminary cruises it was found that the field-mill type of poten-
tial-gradient instrument was very satisfactory for sea measurements and when properly placed,
not affected by salt spray. In the field-mill instrument three stationary plates were connected to
ground through a two megohm resistor. The rotation of a grounded shield above the stationary
plates generated an alternating current. Polarity of the field indication was determine-. by applying
a steady bias field over one of the plates. The signal was amplified, rectified, and recorded on an
Esterline-Angus strip recorder. The conductivity instrument was of the Gerdien type. The current
to the central cylinder was measured by a vibrating reed electrometer and contlnuwsly recorded
on a second Esterine-Angus strip recorder. The conductivity instrument was calibrated by Smith
[1953] and checked by him with the conductivity apparatus used at the Carnegie Institution Magnetic
Observatory at Tucson.

Both the field-mill potential-gradlient instrument and the conductivity instrument were mounted
permanently on the R/V Horizon.e of the two vessels in the expedition. The instrument location
on the flying bridge, on top of the wheel house and lorward of the main mast and exhaust stacks, was
chosen because measurements were to be made while the ship was underway. The location had the
further advantage that it was undisturbed by any of the ship's normal operations. The field mill
mounted immediately above the conductivity apparatus was ten meters above the sea surface. The
intake of the conductivity tube was exposed to the direct sea wind and received a minimum of atmos-
pheric contamination from the ship.

A second, portable potential-gradient instrument consisted of a radioactive collector, DC elec-
trometer, and recorder. This instrument was checked against the field mill aboard ship and was
found to exhibit proportional readings even including small disturbances of a few seconds duration.
During island stops the second potential-gradient instrument was taken ashore for comparative
measurements when weather permitted.

On the Marshall Islands, the radioactive collector Instrument was set up with a stretched wire
-) one meter above the beach on the lagoon side of a small islet while the Horizon was anchored a few

hundred meters off shore. Several hours of records were obtained simultaneously on the island
and ship board with favorable wind and good weather. These data were used for obtaining a reduc-
tion factor for the potential gradient instrument on the ship.

Results and discussion--The monthly mean values of the potential gradient (with reduction fac-
tor applied), positive conductivity, and air-earth current density for all months from October to
February, inclusive, are presented in Table 1. In each case the monthly mean values are computed
from ihe hourly mean values for undisturbed periods.

The positive conductivity was measured almost exclusively because frequent checks for short
intervals indicated the essential equality of the positive and negative conductivity (within less than
ten per cent) regardless of the value of the potential gradient. The probable reason for the con-
sistency of the approximate equality of the two polar conductivities is that the air sampled was taken
at nine meters above the sea surface, usually with a stiff breeze of 15 to 20 knots blowing. The air-
earth current density was accordingly calculated as the product of potential gradient and twice the
positive conductivity.

A
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Table 1--Monthly mean values of positive conductivity, potential
gradient, and air-earth current density

Date Positive conductivity Potential gradient Air-earth current density

ohm-lm- 1  volts/m amp/m 2

Oct. 7, 1952 1.58 x 10-14 108.4 2.95 x 10-12

Nov. 3-7, 1952 2.08 x 10 - 14 100.4 4.18 X 10-12

Dec. 22, 1952 1.68 x 10- 14  123.1 4.18 x 10-12
Jan. 18, 1953 1.45 x 10-14 98.9 2.95 x 10-12
Feb. 19, 1953 1.19 x 10-14 107.8 2.55 x 10-12

The monthly means of the diurnal variation of the potential gradient are shown as a function of
Greenwich Civil Time in Figure 2. All of the monthly curves exhibit a single daily oscillation
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Fig. 2--Reduced values of the potential gradient in volts/meter taken aboard
the R/V. Horizon in the central Pacific Ocean, Oct. 1952-Feb. 1953
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approximately in phase although, as may be expected, individual differences are apparent. The
monthly mean values of the potential gradient range from 123.1 to 98.9 volts/m and the mean os-
cillation (ratio of the difference between maximum and minimum values to the mean) range from
30 pct in January to 45 pct in February. The range of variation in the daily records was even larger.

In order to compare the results of Operation Capricorn with those of the Carnegie, a seasonal
mean curve for the months of November, December, and January was prepared. Data from Cruise
VII of the Carnegie for November, 1928, to January, 1929, were used because more individual days
of observation were available for computing the seasonal mean than in any of the previous cruises. M
The two seasonal mean curves are presented in Figure 3. In spite of the difference in absolute
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Fig. 3--Potential gradient means from the Pacific, Carnegie, Cruise VII,1928-1929, and R/V Horizon, Operation Capricorn 1952-1953

magnitude of the potential gradient in the two cases, the shapes of the curves are remarkable simi-
lar. The irilarity in shape is oest iliustrated when the c:rve., are plotted as per cent of the mean Q,
value of the potential gradient in each case. The correlation coefficient between the per cent of
mean data for the Carnegie and the Horizon is a surprising 0.97.

V

It is of particular interest to note that the observations on the Carnegie in 1928-29 were made
in the eastern Pacific principally between 80" and 120°W longitude while the obseivations on the
Horizon in 1952-53 were made between 120 0 W and 170 0 E longitude. The best agreement between
the per cent of mean curves occurs during the part of the day when both ships wcre in the dark
about 05 to 12h GCT. Sunrise occurs at an earlier hour at the Carnegie, and the Carnegie curve
first rises above the Horizon curve. In the late afternoon hours for the Carnegie, about 23h GCT
the Horizon curve becomes higher than that of the Carnegie and remains -bo-ve itil about sunset
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at tb orizon. Because there is no systematic fall in the conductivity corresponding to this rela-
tive a. of the potential gradient the effect may be described as an apparent rise of the air-earth
conduction current density during the local daylight hours.

The effect is small and based upon average data, hence a statistical analysis to determine its
probable significance is required. The t test of the significance of the difference of the means of
the two sets of data at any Greenwich hour was applied on the assumption that the standard deviation
of the theuretical population is adequately represented by the standard deviations of the two hourly
samples. For the three hours that the per cent of mean curves show the largest separation, the
probabilities that these differences were due to sampling errors are 0.16, 0.0d, and 0.22, respective-
ly. These values are larger than the 0.05 commonly used by statisticians as a criterion that the dif-
ferences of the means are significant. However, the values are sufficiently small that the possibility
of a small persistent local effect at sea cannot be dismissed. A local effect of the same character
but much larger in magnitude, observed on mountain stations and other land stations was described
by HOLZER [1955].

The seasonal mean curves of the air-earth conduction current density for the Carnegie and the
Horizon are shown in Figure 4. The curves exhibit similar phase although the oscillation of the
Carnegie curve is larger. The cori'elation coefficient for the two sets of data is 0.94. As expect 4,
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Fig. 4--Computed values of air-earth current density in the Pacific Ocean,

Carnegie 1928-1929, and Horizon 1952-1953

when the surface conductivity varies only slightly the potential gradient and air-earth current curves
have essentially the s. me chara teristics. The mean value of the air-earth current density for the
months of November, December, and January is 3.0 x 10-12 amp/m 2 for Cruise VII of the Carnegie
and 3.4 x 10-12 amp/m 2 for the Horizon. The difference may possibly be due to small secular
changes in thunderstorm activity assuggested by HOGG [1955]. However, the present data are not
conclusive in this matter since uncertainties in determining the potential gradient reduction factors
for the Carnegie and Horizcn as weli as in the absolute calibrations of the conductivity instruments
could account for a difference of + 20 pct in the absolute values.
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Since a number of authors have referred to the sea as the most favorable plac for atmospheric
electrical measurements, free of persistent local disturbance, it is appropriate to examine some of
the actual records. Figutre 5 is a photographic reproduction of the potential gradient and positive
conductivity records obtained in January, 1953, on an ideal doldrums day. The wind velocity with
respect to the sea surface was zero; the sea surface, glassy; the sky, almost completely clear; and
the ship was sailing a straight and steady course. The potential gradient executed an oscillation of
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Fig. 5--Photograph of potential gradient (upper) nd positive
conductivity (lower), undisturbed day

somewhat more than average amplitude and with a &.iggestion of a double minimum. The variation
of the positive conductivity of about 15 pct during the day is somewhat larger than anticipated and
certainly much larger than the average daily variation. Further, apparently even under nearly ideal
sea conditions both the potential gradient and the conductivity exhibit almost continuous short term
noise-like fluctuations. The amplitude of the noise in the conductivity record is actually greater
than that for a more nearly normal day as shown in Figure E.

Figure 6 is a photograph of records taken on a more typ'cal day: mostly clear with some scat-
tered small cumulus and occasional moderate vertical develolment, some showers occasionally
visible in the distance, wind 10 - 14 knots and sea moderate wi-h occasional white caps. Although

U.- the gradient record still shows quite well the single aiurnal oscillation many small disturbances in
both records, due to normal cruise operations, are evident. At Olh 00m the ship slowed to a few
knots for a dredge and net haul. As long as the ship maintained a forward motion of even only a
few knots speed, the records are not much disturbed but as soon as the ship stopped and lay-to, at
02h 50m, the change in the records is quite obvious. Even though the wind vector was still from
the bcw of the ship the conductivity was depressed and quite disturbed while the gradient showed
an increase. At 05h 00m motion was resumed and the records returned to normal. During the
night the course was changed a few times in connection with another program and the correspond-
ing changes in the records at 07h 45m, 08h 50m, 10h 15m, etc. are evident.

NX Conclusions--More continuous observations of potential gradient at sea have been obtained on
the Horizon (42 days in the period November, 1952, through January, 1953) and on the Carnegie (34
days in the period November, 1928, through January, 1929) than in any other three months periods
in the history of sea measurements. The striking agreement in the mean diurnal curves for these

- corresponding seasons 24 years apart indicates that there is no important secular change in the
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Fig. 6--Photograph of potential gradient (upper) and positive conductivity
records, typical fair weather day

mean daily variation of th.e potential difference between tWe Earth and the highly conducting layers
of the upper atmosphere when the means are computed for a season. These results justify the
practice of workers in the field of atmospheric electricity who have compared seasonal mean daily
variation of the atmospheric electrical parameters obtained at land stations with corresponding
variations at sea. observed many years earlier.

It must be emphasized, however, that there are important variations from one day to the next

and also from month to month, as illustrated in Table 1 and Figure 2. Therefore, it cannot be con-
cluded that the mean daily curves of the potential gradient for periods much shorter than a season
will necessarily show the same constancy from one epoch to another.

The seasonal average of the poteatial gradient for the Horizon is lower than the seasonal average
of the potential gradient for the Carnegie, however, the correspondingly higher value of the conduc-
tivity measurements on the Horizonbring the computed average air-earth current density into fair
agreement with that for the Carnegie. Thus, it appears that there are no large secular changes in
the mean values of air-earth current density. The limitation on the accuracy of the absolute measure-
ments of gradient and conductivity precludes the possibility of drawing conclusions concerning small
secular change in air-earth current density. There is no obvious explanation for the relatively large
differences in the separate measurements of potential gradient and conductivity as observed on the
Horizon and Carnegie.

There is a definite possibility of a persistent local diurnal effect at sea which produces a small
increase in the air-earth conduction current density during the daylight hours. The present data do
not suffice to determine whether such a. cycle may be associated with local disturbance produced by
the ship itself or whether it may be of more general character.

Finally, the persistently observed noise-like variations in both the potential gradient and con-
ductivity even under apparently ideal conditions constitutes an interesting problem for further study.
The effects are very probably related to the turbulence and small scale inhomogeneities of the lower
atmosphere.
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SOME RESULTS OF ATMOS?HERIC ELECTRICITY MEASUREMENTS
ON THE GREENLAND ICECAP

P. Pluvinage

I.,

Expeditions Polaires Francaises et Faculte des Sciences de Strasbourg
Strasbourg, France

Abstract--Some measurements of the potential-gradient on the Greenland Icecap
are reported. During fair weather, the values are a little higher than over oceans.
With the data alto ady published one can compute an air-earth current density which
is nearly the satne as found by Dauvillier on the east coast, so that the maintenance
of a state of equilibrium with a well-pronounced electrode effect is likely. In the pres-
ence of snow drift the values are very great, generally positive, and are correlative to
the impact of ice particles on the insulated collector. One experiment shows that the
true charge of the ice particles near the ground is very significantbutnegative. There-
fore it is probable that the ice-metal friction constitutes the main agent of electrifica-
tion of the insulated collector.

The scientific projects of the French Polar Expeditions 1948-51, led by P. E. Victor, included
the study of some electrical properties of the air on the Greenland Icecap. Unlike the meteorolo-
gical and seismic soundings research, this p.xrt of the program did not have the benefit of informa-
tion acquired by previous expeditions. Nevertheless it is useful, for the sake of comparison, to re-
call that potential gradient and conductivity have been measired [DAUVILLIER, 1938] during the
International Polar Year 1932-33 at the Scoresby Sound, on the east coast, and that, during the same
time, very extensive studies of these and others parameters have been made [SHERMAN, 1937] at
Fairbanks in Alaska in conditions similar, in some respects, to those of the coast of Greenland.
Our attention will be directed here towards potential gradient, conductivity, and calculated air-earth
current during summer. We shall quote later the results of Dauvillier and Sherman.

On the Greenland Icecap, the most accurate measurements have been made by P. Stahl during
the campaign of 1951 with instruments improved from the experience acquired during the previous
years. Concerning the conductivity, the results have already been published [PLUVINAGE and
STAHL, 1953]. I recall that at the 'Station Centrale' (400 38' W, 700 55' N, 2994 m)very great values
have been found for the ratio x+jL_ and that they have been tentatively explained by the electrode
effect. In 1951, Stahl noted that the ground was perfectly flat, mirror-like over great areas. The
density of the surface snow is 0.33 according to measurements [SORGE, 1939] during Wegener's
Expedition of 1930-31. A lower limit of its electric conductivity is given by 0.33 times the value
for pure ice, that is 0.86 x 10-10 ohm- 1 cm-1 so we may consider it as a conductor from an elec-
trostatic point of view. With respect to the movements of the air, one ma: say that the circumstan-
ces are not at all appropriate to the formation of eddies. The possibility of a well pronounced stra-
tification of the air is clearly shown by the diagrams of temperature drawn from measurements by
G. Taylor (Fig. 1). The hypothesis of an effective electrode-effect is at least probable.

The measurements of potential gradient were performed with a device I LUTZ, 1937] which gives
the absolute value directly. The Figure 2 is sufficiently explicit and no explanation is required. In
fact the recording electrometer was the one used by LECOLAZET [1949] for his studies in a glider.
It gives continuous registrations during nearly five hours and the speed of the film is rather high, -1

4 mm per minute. This speed was well adapted to the study of the effects of the snow drift. We shall
first examine the fa~r weather values. Nine films have been selected for the Station Centrale. The
potential gradient has been ,ead every minute and the mean value calculated hour by hour. The main
features ar most often a great regularity and a very well defined hourly variationi. The regularity
is nearly the same as obtained by Lecolazet in his free air measurements in France. The perfect
uniformity of conditions in both cases accounts for that. Table 1 summarizes the results and allows
the comparison with Dauvillier's and Sherman's values.
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Fig. 1--Examples of stratification in the air above the surface of the Icecap
(measured by G. Taylor)
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Fig. 2--Elevation of the installation

The general mean value of 138 V/m is somewhat greater than over oceans, and decisively

greater than those measured by Dauvilli-er or Sherman. On the other hand, it has nothing in
common with the free-air value at 3000 m above sea level, even if one takes into account the
electrode effect. As for the comparison with the Dauvillier value, one may observe that the
ratio of the potential gradients is roughly the inverse of the ratio of the total conductivities.
Therefore, the calculated air-earth current is nearly the same at the Scoresby Sound and at
the Station Centrale, where we found nine values ranging from 2.10 to 4.51 x 10-12 amp/r 2

x~v~ 101 apm
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Table 1--Comparison of results

Item Scorebys Station FairbanksSound Centrale (selected days)

Mean potential gradient (v/m) 80 138 85.5
X+ (10-4 e s c g s units)

mean 1.79 1.72 1.60
minimum 0.45 1.38 ...
maximum 2.94 2.89 ...

)- (10-4 e s c g s units)
mean 1.53 0.61 1.30
minimum 0.49 0.14 ...
maximum 3.08 1.55 ...

1 (10-12 amp. m - 2 )
mean 2.93 3.12 2.48
minimum 0 2.10 ...
maximum 7.10 4.51

aFog excluded

with a mean of 3.12 x 10-12 amp/m 2 . It is not very different from the value deduced from the
measurements by Sherman, so we can assume an approximate constancy of the air-earth current
density over large areas in the Arctic. We may construct a coherent picture by assuming that a
state of equilibrium is attained with a downwards current not depending on the height.

The smoothness of the registrations is destroyed when wind stirs up the ice particles from the
surface of the Icecap. A layer of snow drift is then moving at the speed of the wind. Its thickness
may range from a few centimeters up to ten meters and more. When the potential gradient appara-
tus is inside the layer, the potential reaLhed by the insulated conductor is so high that, even with
only ± 1.5 volt on the plates, the thread of the electrometer touches a plate, generally the negative
one. This causes it to drop to zero, whereupon the charging commences again. This effect is, of
course, correlated with the incoming of ice particles on the insulated conductor. The question that
arises is whether it can be explained by the friction of ice on the collector ir by a charge carried
by the particles. Here we summarize some facts which may prove useful on solving this problem.

(1) Above a sufficiently thin layer of snow drift, it seems that the insulated conductor is not
touched by the ice particles, and yet the mean value of the potential gradient is several times the
fair-weather value. This fact is not explainable by a charge on the visible snow drift which would
give no change in the mean field in presence of the Earth as a plane conductor. We shall assume in
such cases that there are small unnoticed ice particles which accompany the lower and visible layer
and come into contact with the insulated conductor. But that does not mean that a charge is not also
present on the lower and main layer.

(2) Knowing the effective resistance, about 8.0 x 1010 ohms, of the radioactive collector, the
surface exposed to the snow drift, about 200 cm 2 , and the speed of the wind, say 10 m/sec, one may
compute the charge produced by or bound to the ice particles in a cm 3 . In a specially interesting
observation at Nunatak Cecilia, near the east end of the Icecap, Stahl found a difference of nearly
400 V,'m between the disturbed and fair-weather mean values above an irregular layer of snow drift
whose maximum thickness was nearly 50 cm. We deduce that the charge produced by or attached
to the conjectured invisible ice particles is as high as 1.5 x 105 elementary charges/cm 3 .

(3) This same day, Stahl had the idea of placing the external part of the potential-gradient ap-
paratus behind his sledge ca; ,, at the same distance of 12 m (Fig. 3). The insulated conductor was
then sheltered from the snowdrift. Immediately the mean reading of the electrometer dropped to
35 V/m. The mean fair-weather value is somewhat less than at the Station Centrale, say 100 V/m.
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Fig. 3--Plan of the two positions of the collector with respect to the

sledge cabin and diagram of the distribution of charges (P >0)

We conclude that the charge outside the wake of the sledge cabin was negative and that, accompa-

nied by its positive electric image, it compensated two-thirds of the normal charge of the earth.

A rough calculation is possible by assuming that the visible layer of snow drift carries the main

portion of the charge and that the wake of the sledge-cabin is a channel of rectangular cross-sec-

tion, four meters wide and 0.5 m thick. The outer of magnitude of the charge density p is then
105 negative charges per cm 3 .

(4) Therefore, the friction of the unnoticed ice particles against the insulated conductor, seems

the only possible explanation of the high positive charge potential observed with the electrometer.

But the weakness of this theory is that it is founded on only one experiment. I must a1lij mention

that one hour after the movement from the first to the second position, an inverse movement was

performed but unfortunately the speed of the wind had decreased, the electric field had increased

and no difference was found between the two positions.
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THE PHOTO-ELECTRIC COUNTER AND ITS APPLICATION FOR
MEASURING DIFFUSION COEFFICIENTS

P. J. Nolan

University College, Dublin, Ireland

Abstract--In the photo-electric nucleus counter, a cloud is formed between a source
of light and a photo-electric cell and the concentration of nuclei is estimited from the ex-
tinction of the light. Air containing the nuclei under investigation is drawn through a ver-
tical tube 60 cm long and 4 cm in diameter for a sufficiently long time to insure that the
air originally present is swept out. The entrance and exit taps are closed and pure air Is
pumped in through a third tap until a suitable over-pressure is reached. A short time is
allowed to elapse so that the air, taking up water from the lining of damp blotting paper,
is saturated. The current from the photo-voltaic cell is read by means of a galvanometer.
k fourth tap on the tube Is opened allowing the air to expand adiabatically. A cloud forms
and the galvanometer reading drops quickly to a new value. An intrinsic calibration of
the instrument has been carried out by means of a device which enabled the extinctions
for any nuclear concentration and for exactly half that concentration to be determined ac-curately. The absolute values of the nucleus concentration are based on simultaneous
determinations w!th an Aitken counter. The absolute accuracy is of the same order as
that of the Aitken counter. The relative accuracy is higher. The development of the photo-
electrac method of counti..g has made it possible to employ with much precision a method
already In use by which the size of condensation nuclei can be determined. If a stream of
air containing particles of any kind is drawn slowly through a tube particles will be lost by
diffusion and fall under gravity. In order that the loss by diffusion should be large enough
for accurate measurement it was found best to draw the air between parallel surfaces a
small distance apart. When the surfaces are vertical the loss by gravity is negligible. By
buile:ng a pile of plates a number of air streams in parallel are arranged. In this way a
sufficiently slow air velocity may be obtained with a conveniently large total air flow. The
ratio of the concentrations of nuclei entering and leaving is determined for a measured air
flow. From these measurements and the dimensions of the diffusion box the diffusion co-
efficient of the nuclei can be obtained. The radii of the nuclei may be deduced from the
diffusion coefficient by means of the Millikan form of the Stokes-Cunningham Law.

The Aitken nucleus counter, in its original form and in the various modifications, suffers from
a number of serious disadvantages. It is difficult to use and to keep in good working order. It deals
with a very small sample of air. Successive readings of samples from the same source usually
show a wide scatter. The photo-electric counter is easier to use and gives more consistent and
more reproducible results.

The photo-electric counter consists of a metal tube 60 cm in length and four cm in diameter.
The tube has a lining of damp blotting paper and the axis is held in a vertical position. At the top of
the tube there Is a lamp house with a small electric lamp at the focus of a convex lens. A parallel
beam of light passes through the tube and falls on a photo-voltaic cell at the bottom. The sample of

air under test is introduced into the tube. Air which has been purified by passage through a cotton-
wool filter, is pumped into the counter until a selected over-pressure, usually 16 cm Hg, is reached.
After about half a minute the pressure is released. The sudden expansion cools the moist air, a fog
is formed and the minimum reading of a critically damped galvanometer, connected to the photo-cell,
is taken. The half-minute delay is to allow the air to become saturated and to lose heat of compres-
sion. During this waiting period the galvanometer reading is adjusted to 100 by varying the currenL
through the lamp.

The glass plates closing the ends of the tube are treated with an anti-mist preparation. Imme-
diately above the photo-cell a diaphragm of 2.2 cm aperture is introduced se that the extinctkcn
measurements are made on the central core of the fog.
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The light intensities at the photo-cell before and after the formation of the fog are denoted Io
and I. As the intensities are low the response of the photo-cell in linear. Thus the galvanometer
readings before and after expansion are proportional to Io and I. We can calculate the extinction
expressed as a percentage

E = 100 (o - I)/Io ......................... (1)

The behavior of the counter when filled with nucleus-free air has been investigated by P. J.
Nolan and P. S. MacCormaic. They determined the critical over-pressures for condensation on
negative and positive small ions and for the formation of a general cloud. The critical values found
were 27, 33, and 40 cm Hg. The corresponding volume expansions deduced from the equation pv 1 4 =

constant are 1.24, 1.29, and 1.35. The corresponding values found by C. T. R. Wilson are 1.25, 1.31,
and 1.375. The good agreement of these three critical expansion ratios indicates that the expansion
of the counter is truly adiabatic. The critical over-pressure for cloud formation with atmospheric
nuclei was found to be between 0.1 and 0.5 cm Hg corresponding to a volume expansion between 0.1
and 0.5 pct.

-Z Calibration--For calibration of the counter a device called a tube bridge, a pneumatic analogue
of the Wheatstone bridge, was used. The air current enters at point A and leaves at point C of the
bridge ABCD. A sensitive manometer is connected between B and D. Arms BC and DC are long
narrow tubes of the same resistance. Arm AD contains a low resistance cotton-wool filter and arm
AB contains a rubber tube with a pinch-cock. The bridge is balanced by varying the resistance of
arm AB by means of the pinch-cock. Variations in the resistance of the filter with temperature,
humidity, or pressure difference may be detected on the manometer. When the bridge is balanced
the current of pure air through DC is equal to the current of impure air through BC. The nuclear
concentration of the air emerging is exactly one-half the nuclear concentration at entrance.

Nuclei of various origins decaying in a gasometer were used in the calibration experiments.
The counter was filled from the gasometer through the tube bridge and an observation of the extinc-
tion made. The counter was next filled directly from the gasometer. (To ensure against error aue
to diffusion loss a second tube bridge without filter was inserted between the gasometer and the
counter.) During the decay of the nuclei alternate readings of half and full concentration were made
in this way. The values of the extinctions were plotted against the time and curves for full and half
concentration were obtained. It is possible to read from the curves the corresponding extlncticns
at any time during the decay process. Thus a series of pairs of extinctions values may be obtained,Mw~ each pair corresponding to a certain (so far unknown) concentration of nuclei and to half that con-
centration. The values oi the extinction differences (E - e = A) are plotted against E. The shape of
the A-E zurve is of great interest. From E = 5 to E = 25 the graph is nearly a straight line and
there is another straight line between E = 25 and E = 50. There are three peaks at E - 56, 72, and
90. From the A-E curve an intrinsic calibration curve was plotted. The peaks should give inflexion

., ~points on the calibration curve. The peak at 56 is small and the corresponding inflexion is not per-
ceptible. The inflexion corresponding to peak 72 is a well marked feature of the calibration curve.
The fiat portion at the end of the calibration curve corresponds to the peak at 90.

To complete the calibration the nuclear concentrations corresponding to a number of extinctions
values were determined by means of an Aitken pocket counter. The agreement was as good as could
be expected in view of the lack of precision of the latter instrument.

Determination of diffusion coefficients--The development of the photo-electric method of counting
has made it possible to emplcy with much precision the Nolan-Guerrini method of determining dif-
fusion coefficients. If a stream of air containing particles of any kind is di awn slowly through a tube,
particles will be lost by diffusion and fall under gravity. In order that the loss by diffusion should be
large enough for accurate measurement the air is dra-wn between parallel plates a small distance
apart. This has the advantage that when the plates are vertical the loss by gravity is negligible. By
building a pile of plates a number of air streams in parallel are arranged. In this way a sufficiently
slow air velocity may be obtained with a conveniently large total air flow.

M
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The formula obtained by P. G. Gormley for diffusion in such a thin rectangular tube is

n/n o = 0.9099e - 2 "8275h + 0.0531e - 3 2. 14 5 h. ....... (2)

where no is the particle concentration at the entrance, n is the concent-.U e exit, and h
4bD2/3aQ. D is the diffusion coefficient; Q is the volume of gas passiaj pei -econd, 2a = depth,
b = breadth, and 2 = length; a is small compared with b.

r * In practical application the formula is written

Zv/Z = 0.9le- x + 0 .0 5 3 e - 11 -4x .................... (3)

where x = 3.77 bLD/aQ and the symbol Z is used for nucleus concentration.

_0 A curve is drawn showing the variation of Zv/Z with x (Fig. 1). The ratio of the concentrations

1" x 1 4 x
- O91- + 0 -5 3-eI4

x - 3-77bLD/oO

Z.

-~ 05

04-MI

M. 03

0 2 03 0-4 Os d6 07 o*8 09 102g I

x

Fig. 1--Variation of Zv/Z with x

entering and leaving is determined for a measured air flow. The value of x corresponding to this
ratio is obtained from the graph and thus D is determined.

Numerical example--Length 60.9 cm, breadth 9.2 cm. depth 0.105 cm, number of channels =

11, Q = 1200 cmi/min.

Zv/Z = 0.5 x = 0.60

D =23 x 10 6 cm 2 sec - I

The radii of the nuclei may be deduced from the diffusion coefficient by me.ns of the Millikan form
of the Stokes-Cunningham Law. In Table I values of D jo calculated are given for a range of values

I of the radius.

L-
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Table 1--Coagulation coefficients

10 6 r 10 6 D 1 l3w 107- 1A'b Z/N,,1 Z/No
cm single

0.5 cm2 secl1 cm2 seclvolil1 cm3 sec-1  cm 3 sec hag

WS05 508 20.3 6.4 0.14 1.06 1.06
1.0 131 5.24 3.3 0.46 1.21 1.21
2.0 34.8 1.39 1.75 1-25 L.59 1.59
3.0 16.5 0.66 1.24 2.1 1.91 1.91
5.0 6.67 0.267 0.84 4.1 2.44 2.31
7.0 3.80 0.152 0.67 6.4 2.85 2.51

10.0 2.17 0.087 0.55 10.4 3.37 2.66
14.0 1.330 0.053 0.47 15. 4.04 2.76

Coagulation- -When nuclei are stored in a iarge vessel they di.,appear by coagutation, by dif-
fusion to the walls and by fall under gravity. In favorable conditions it is possible to allow for the
last two sources of loss and to study .oagulation separatjly. The loss by coagulation is found to
obey the law

dZ/dt = --7Z . . . . . . . . . . . . . . . . . . . . . . . . . . . (4)

where ~y is called the coagulation coefficient. For bpherical particles all of the same size Smolu-
chowski obtains the result y7 87rrD.

By means of the photo-electric counter and the diffusion box Nolan and Kennan inade determin-
at ions of -y and D over a wide range of size using nuclei derived from hot platinui~ According to
Smoluchu-wski's theorv the .-alue of 7r/rD should be aibout 25. They obtained an -.veragze value of 35.
The agreement is as close a-. could be e~xpected especially as the nuclei were undoubtedly hetero-

enu..Th-e 8?, of the formula must be increased b-- a factor of from 1.1 to 1.3 to allow for hetcv-ro
geneity.

In abe te alues of the coagulation coefficient are calculated from. the formula -f 8itD.
The mobilities given in thc table are for nuclei x'ith one- electronic chart,e and are ctlculated from

Uf the formula

(.J/ =£kT............................(15)

WMA fE being the electronic charg-e. k Boltzmann'z constant. and T the absolute temperature

This gives w 40D when the mobility is exuressed in cin, sec volt/,cm and the temnperature is

~ 17-C.

Relation between the size of the nuclei and the fraction cha rged- -Sim..itaneous detcrmin-ationrs
VI~k of the diffusion cceefficient and of the ratio Z,/N0 . t"o al nuclei to undha .,ed nuclei, were carried out

with stored nuclei derived from platinum. The concentrAtion of unchareed nuclei was deniined
by passing the air through a condenser to which a field i., applied sufficient tto remove all charged
nuclei. A mneasurement with the electrodes of Vie condenser at the same ootentiai. dives Z. If
equilibrium of ionization has been attained in the vessel

-qo No IN . . . . . . . . . . . . . 6

where :7 is the rec,.mbination coefficint of small ion-- and uncharde nuclei and 7 is the coeflicicn

for small ions and large ionis of opposite sign

Z1O(No 2N)No 1 N/N.%o 1 2 -l.ol1 ......... 0

.9...

i,7. 7

- -=. - --%
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7i > 7o0 -that Z/N o < 3.

If the nuclei are so large that the effect of their electric Jha. -e on the collision frequency with
small ions is negligible then l = 7o and Z/N o = 3, its maximum -,.lue.

The equilibrium values found experimentally are given in Table 1 (second last column) aud
plotted in Figure 2 (dotted line). It may be seen that for large nuclei the values are greater than 3.
This is clearly due to the occurrence of multiple charges.

--

4 C;C

2-51

2-0 0

i-5-

RADIUS,..7 " , ,,. ,o6C,.
C14.,j 6 cmn

- - - - - - -- - -- - -

Fig. 2--Relationship of size of nucleus to Z/N o

Bi combining two theoretical relations we may deduce values of 7o/7 for various radii to com-
pare With those obtained from the experimental values of Z/N o

Whipple's equation 71 - -00 = 41rea ..................... (8)

Hazr er's eauation 7, = Hr(l - e-cr) ............... (9)

(small radius 7 0 cr 2 , large radius ioar)

By trial values of the parameters H and c were found which gave the best fit with the experi-
mental values of Z/N o for the smaller radii that is for the single-charge region. T-e agreement
with exptriment holds up to a radius of 4 x 10 - 5 cm. The last column of Table 1 gives the theoret-

ical Whipple Harper Z/ O so found and it is marked 'single charge.' These numbers are plotted
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in Figure 2, curve H.

In Table I the third last column gives values of tile quantity b of the equation q = an 2 + bnZ.
The values are calculated by an extension of the previous theory on the assumption that the multiply- A

chargcd nuclei are all doubly charged.

The application of considerations of thermodynamic equilibrium to the system of small ions
and nuclei produces results which agree closely with experiment. So although the justification of
this application seems doubtful it is of interest to quote the results.

From the Boltzmann Distribution Law we deduce

N1INo = N2/N o = e-p 262/2rkT .................... (10)

where e is the electronic charge, p is the number of unit charges and p2 c 2 /2r is the electric energy
of the nucleus considered as a sphere of radius r, N, the concentration of positively charged nuclei,
and N2 the concentration of negatively charged nuclei.

The results of the application of this formula are shown in Table 2 in the c 'umns marked
Boltzmann, one giving values of Z/N o in which only single charges are included. Another column
gives values deduced from the Whipple-Harper formula with parameters adjusted to obtain agree-
ment with the Boltzmann figures. It may be seen that the agreement is good except for the smaller
radii.

Table 2--Values of Z/N o

Multiple charges Single charge
106 r Bricard (Nolan and Kennan) Boltzmann Boltzmann Whipple-Harper Bricard

Bo ( Experimentrcd

cm
0.5 ... 1.06 1.006 1.006 1.045
1.0 1.49 1.21 1.11 1.11 1.16 1.49
2.0 1.88 1.59 1.48 1.47 1.46 1.81
3.0 2.13 1.91 1.81 1.77 1.74 2.00
5.0 2.66 2.44 2.34 2.12 2.12 2.30
7.0 3.03 2.85 2.76 2.33 2.34 2.46

10.0 3.50 3.37 3.30 2.50 2.52 2.55
14.0 3.92 4.04 3.91 2.63 2.64 2.63

When multiple charges are included we obtain very good agreement with the experimental re-
sults. It may be noted that nuclei with p = 2 appear at radius 2 x 10-6, p = 3 at r = 4 X 10-6, p = 4
at r = 7 x 10-6 and p = 5 at 12 X 10-6. We have added Bricard's theoreticai figures for multiple
charges and for single charge.

Atmospheric nuclei--In making observations on the nuclei in the free atmosphere difficulties
arise because of rapid fluctuations in the quantities measured. These difficulties may be overcome
by using two photo-electric counters through which equal air-streams are drawn in parallel. The
diffusion coefficient may be found by placing the diffusion apparatus in one branch. Simultaneous
values of Z and of Zv are thus obtained. Similarly by using two condensers in parallel, one with
field and the other without, simultaneous values of Z and No may be obtained.

The values found for the radii of the nuclei vary between 1 x 10-6 and 6 x 30-6 cm but the bulk
of them lie between 2 x 10-6 cm and 3.5 x 10-6 cm. A high degree of correlation has been faund
between the size of the nuclei and the humidity of the atmosphere.

Absence of equilibrium--Simultaneous measurements of Z/N o and of the radius show that in
general the condition is not one of equilibrium. There is a wide scatter in the values of Z/N o for

N7
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any one size. The equilibrium values given in Table 1 and shown in Figure 2 appear only as the
higher limit, the bulk of the values of Z/N o being much lower. This suggests that the nuclei are
mainly unchargcd at the moment of production. Bc.een production and measurement there is not
sufficient time for them to come into equilibriam with the small ions. If all the nuclei are originally
uncharged in a region where there is a constant concentration n of small ions the hulf-value period
for equilibrium is approximately 0.7/( 2 "1o + )n. In Dublin this is of the order 10 to 15 minutes.

From the foregoing we see that ionization balance equations cannot apply strictly to any region
where there exists a large fraction of fresh uncharged nuclei. It is possible to explain in this way
the low values for q obtained for Kew (Scrase) and Washington (Wait) from measurements of N, No,
and the positive and negative conductivities. Errors arising from the application of equilibrium
formulas of the type q = an 2 + bnZ in which Z and not N are used, are much smaller. Since b =

7o + (7 - 27o)N/Z, b is Independent of N if 71 2 710. For values of the radius greater than 2 x 106
cm the change in b produced by a considerable departure from equilibrium will not be very serious.
The Schweidler law may therefore be expected to hold approximately for large nuclei whether there
is equilibrium or not.

When atmospheric nuclei are stored and observatio -s of Z/No and the radius are made during
a few hours after enclosure it is found that Z/N o and the radius increase. Initially Z/N o increases
rapidly while the radius increases very slowly. The value of Z/N o reaches the equilibrium value
pertaining to its size in about one hour. Afterwards the variation with radius corresponds approxi-
mately with the equilibrium cui've of Figure 2.

Approach to the equilibrium charge distribution from the opposite direction is shown by the
nuclei produced by bubbling air through water. Immediately after production the average charge
per ion is 23 electronic charges and Z/No varies, with bubbling pressure, front 20 to 9. When these
nuc.ei are stored Z/No is found to decrease rapidly without any significant increase in radius untii
the equilibrium value is approximately reached. Then the variation of Z/No with radius corresponds
roughly with the equilibrium curve.

It is interesting to note that in both cases the value of Z/N 0 slightly over-shoots the equilibrium
value.
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EFFECTS OF WIND AND SPACE CHARGE ON CORONA POINT DISCHARGE,
PARTICULARLY FROM AIRCRAFTa

Seville Chapman

Cornell Aeronautical Laboratory, Inc.
Buffalo 21, New York

Abstract--In a system for maintaining zero electrostatic charge on aircraft, where
electric-field meters on the surfaces of the wings control a high-voltage corona discharge
point behind the tail of the aircraft, the primary factors influencing the magnitude of blow-
away discharge current i are point potential V, aircraft speed v, point geometry, and
space charge from the already discharged current. V must be large enough to create an
electric field vector toward the rear to drive the discharge current into the space charge
behind the point, but since this same V creates a field vector forward toward the aircraft
skin, the point must be disposed so that the wind past the point prevents return current to
the aircraft. The problem is approached matematically from several points of view, to
evaluate constants F, G, and H in i = co (FkV /1 + GvV + Hv 2/k), where k is the mobil-
ity and £ a length. The current should vary wi the first powers of the speed and point
potential, and be independent of mobility, and hence of polarity and altitude. For an air-
craft speed of 100 m/sec and a point potential of 100 kilovolts, the author considers that
current should lie in the range 200-250 microamperes although calculations based en dif-
ferent approximations vary from 175-395 microamperes. Experiments in the laboratory
with wind simulated by an electric field yield 225 microamperes. Meager and doubtful
in-flight data imply current of about 200 microamperes.

Introduction- -Reasons for maintaining zero electrostatic charge on aircraft include alleviating
effects of precipitation static [GUNN and Others, 1946], avoiding explosions during refueling opera-
tions in flight, or avoiding distortions of electrostatic conditions while in-flight measurements are
being made of such quantities as the electrical conductivity of the air. For exampJc, when aircraft
fly through precipitation, they frequently become charged electrostatically at a r-te of 100 micro-
amperes or more. Since the capacitance of an aircraft such as a B-29 is approximately 1000 pi a-
farad: (1 picafarad or 'puff' = 1 micromicrofarad = 10-12 farad), it is clear that the rate of change
of potential may be 105 volts/second. After a few seconds many undesirable pheziomens "jccur, es-
pecially those which interfere with electrostatic measurements or with communications.

The basis for this discussion is an instrumentation system [PELTON anc Others, i953] (dis--
cussed in the next section) which senses the electrostatic charge on the aircrait and uses thi3 inl-
formation to control a high-voltage corona discharge point behind the tail of the aircraft, so that
excess charge may be discharged by the corona point and blown away by 'he slip-stream.

While corona points have been used to discharge aircraft as just described, and for ii.estigat-
ing atmospheric electricity from ground stations [CILMERS, 1949, 1954] mos calbrali-,i.s have
been done in still air in the laboratory. In flight, and generally at a ground station, there is wid
past the corona point. Since conditions with wind are quite different from thise without, ihe effects
of wind receive primary attention in this discussion. We shall see chat the usual type of ailiuradon
done in still air is completely inapplicable to the case of an isolated point in wind.

The zero electrostatic charge on aircraft (ZFCA) instrumentation system--The electrostatic
charge on the aircraft may be determined by measuring the surface electrostatic field with gener-
ating field meters (sometimes called generating voltmeters or field mi)ls). Almost rvariablythere
is an electrostatic field in the atmosphere; hence the electric field at the suofae of the aircralt
consists of two components, that due to the ambient field (which is veitical in air weather), and

aThis article is a revised and somewhat extended version of a paper of the sane title pre-
sented at the Conference. A more complete discussion tha is given here, including all mathemati-
cal derivations, may be found in the author's Cornell Aeronautical Laboratory Report Vo. 66.
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that due to self-charge. Clearly a minimum of two meters is required to distinguish between these
two fields. There are several sets of two points on the aircraft where two meters could be placed
so that their readings could be combined to yield self-charge. Most of these points, however, are
ir. awkward positions, such as where the fuselage is highly curved, and where slight inaccuracies
of positioning the meters would give false indications.

The ambient electric field may have horizontal components as well as vertical components.
All components may be determined in addition to the self-charge of the aircraft. A convenient
arrangement is to place two meters far out on each wing well away from the fuselage and engines,
but not close to the wing tips. In these regions the wings are fairly flat, and one may calculate the
'form factors' associated with any given location. Meters should be placed along the electrical
center lines of the wing so as to be insensitive to longitudinal horizontal fields (see Fig. 1).

,-GOBO14A Gf.

W_ ORONA POINT

2

Fig. 1--Location of field meters and corona
point in the ZECA system

When due account is taken of the form factors it is not difficult to see that

El - E?+E 3 - E 4- Ez ....................... (1)

E 1 + E2  E3  E4  Ey.......................(2)

E 1 + E 2 + E3 + E4 cc EQ ...................... (3)

where E1 , E~, E 3, and E4 are the form-factor corrected readings of meters 1, 2, 3, 4; Ez is the
vertical component of the ambient electric field, Ey is the transverse horizontal component, and
,Q is the field at the meters due to electrostatic charge on the aircraft. Actually there is some
redundancy since fGur meters are used to give Ehree quantities. In fact, if one of the meters be-
comes inoperative in flight, it is possible to switch the meters so that only three are needed. For
convenience, however, and from sy-mmetry, it seems best to install four meters as shown. If the
longitudinal component oi the ambient field is required also, then a fifth meter should be installed,
presumably directly on the front of che nose.

The readings of the several meters are combined to control a 100-kilovclt dc voltage supply.
One side of the voltage supply is connected to the airframe, while the other is connected to a corona
point insulated from the skin of the aircraft. The tip of the corona point is about 40 cm bel'ind the
tail of the aircr'aft,. where in principle it is subjected to the full force of the slip-stream past the
aircraft.

Obviously it is important to estimate the magi Ltude of corona current which can be obtained,
in terms of the potential applied to the point, the aircraft spaed, ion mobility, and geometrical
quantities such as the distance of the point (or points) behind the aircraft. Such an expression is
required so that design information can be obtained, performance data can be estimated, and results
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can be analyzed properly. Assertions have been made that current blown away from the airplane
by unipolar ions c-eated in a gaeous discharge will be limited to rather small values of discharge
current of about i5 microamperes. While we have measured currents greater than this, in order
to understand the mechanism of discharge of the aircraft (as distinct from the detailed mechanism
of corona discharge itself [LOEB, 1948]), it seems worthwhile to endeavor to calculate the currents
which may be obtained. For the sake of comparison, results are normalized to conditions with a
point potential of 100,000 volts and with an aircraft flying with a speed of 100 m/sec at an altitude
of about 18,b00 ft, where the pressure is half of sea-level pressure.

Basic mathematical relations--The fundamental relations governing the motion of space charge
created by the corona point are

V2 V= -p/C . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . (4)

E =-grad V....................................... (5)

u =kE + v ....................................... (6)

div (pu) =0 except at the point and at electrodes ................. (7)

i= pu .S ....................................... (8)

where

V = the electric potential

p = the volume space charge density

=the permissivity of empty space = 8.854 x 10-12 farad/i

E= the electric field

u = the ion speed

k = the ion mobility (+1.6 X 10-4 or -2.2 X 10
-4 m 2 /sec volt

at sea-level or about 4 X 10-4 m 2/sec volt at 18,000 ft altitude)

v = the airspeed of the airplane

i = the current

S = an appropriate area

Eq. (4) and (5) are the fundamental equations of electrostatics, (6) essentially defines mobility
(since in still air, ion speed = kE), (7) is the equation of continui~y, and (8) relates current to space
charge density.

Other useful equations can be derived from (4)-(8). Complete derivations are given elsewhere

[CHAPMAN, 1955] and the results only are given below.

Sometimes it is convenient to consider the effect of wind blowing ions along as equivalent to an

electric field Ew. From (6), Ew is seen to be

Ew v/k ............................. (9)

~ s . ..
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In the absence of space charge, at a-distance r from a point charge q, the electrostatic equa-
ltions can be written

E -q/4 r r 2  ....................... (10)

E= -V/r ............................ (11)

from which it is readily seen that V q/4 ir cor.

Consider a spherical system without wind having a small grounded inner electrode and an outer
electrode at a fixed potential, with total space charge current i between electrodes. At any point at
radius r within the system or at the outer electrode, to a very close approximation

S1=6lr krE...........................(12)

i = (37r co/2) kV2 /r ........................ (13)

E =V/2r ........................ .... (14)

Consider a semi-infinite cylinder of space charge of uniform density p, whose radius is r 3 , and
whose axis lies along the X-axis. The cylinder extends to-infinity from a plane normal to the X-axis
at xo . It may be imagined that 'he space charge was emitted at a rate i -- dp/dt-by a source of area
7rr 32 traveling with a speed v along the axisi The space charge is considered to remain fixed and
not to spread out radially. It is apparent that the

linear charge density = i/v = r3rp................... (15)

The electric field Ec at the origin of coordinates is directed along the axis, its value is

Ec = (i/2 ir Cor 3 v) [1 + (xo/r3)2 -xo/r 3] ................ (16)

If the end of the cylinder is at the origin, then xo = 0 and for the field Eco(16) simplifies to

Ec 0 = 1/27r For 3v ......................... (17)

From (16) and (17) we see that most of the field at the end of t;.e eylinder is due to space charge
close to the end. Space charge between the end and x = 0.75r 3 contributes half of the field, while
space charge beyond x = 5r 3 contributes only one-tenth of the field.

Consider a paraboloid of space charge whose axis lies along the X-axis. The paraboloid has a
radius Ro at the origin and extends to infinity along the positive direction of the axis. Because of
the self-repulsive nature of space charge, it can be shown [CHAPMAN, 1955] that the space charge
will spread out in the form of a paraboloid whose radius R at an abscissa x is given by

R 2 -R 2 + (ki/ir rov2 ) x ....................... (18)

where

i = current or rate of emission of space charge

v = speed of source

k = mobility of the ions comprising the space charge

If the paraboloid is truncated at an abscissa x and extends to infinity beyond x, then the electric
field at the origin is given by

=p

~ .r ~j, f .
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E= -('/2) in (VR + bx + x2 + x + b/2) (b2 -4R-2 ).2 -! 2 _ 2 x 2 o ox + 2
2(R 0 Lb+b~x2 0  x ER0 V 0tbo~

where

b =Id/r" c ov
2 . . . . . . .. . . . . . . . . . . . . . . . . . . . . (20)

If the paraboloid is truncated at the origin x = 0 where the radius of truncation is R o , the field at the
origin Epo becomes

Epo= (v/k) In [1 + (ki/27r eov2 R ................. (21)

To find the field on the X-axis at a point x = -2r 2 of the paraboloid truncated at the origin (18),
it is convenient to translate the truncated paraboloid of (18)-by a distance 2r2, so that it is now
truncated at x = 2r 2 . Then-we can find the field Ep at a distance 2r2 from a truncated paraboloid
whose radius of truncation is Ro, this field being formed by a current source i having a speed v.
We find from (18) and (19) that

([ 2k2 + 4r2 + 2r 2 ] + b/2)b 2/4 -R R 2 - 2br 2])

_ =(v2k) In ........ (22)(Ro2 b/2--[Ro2 
- 2br 2]-[ vR2 +4r 2 + 2r 2])

where b is given by (20).

Dimensional analysis--We can learn some facts about corona discharge from dimensional
analysis. In electrical phenomena we may choose four fundamental quantities, for example, length,
mass, time, and charge. Actually it is simpler to take charge, poential, length, and time. By the
usual type of analysis the relevant parameters can be combined to vield the following result for the

- -blow-away current i

i = co (FkVl2 + GvVI * H g v2 /k) .................. (23)

..here

O= the permissivity of empty space = 8.854 x 10 -i 1 2 ftrads/m

F, G, H, are non-dimensional coefficients undetermined by the dimensional analysis

k the mobility of the ions

V! = the potential of the discharge point relative to the aircraft skin

2 = some geometrical length or combination of lengths

- v = aircraft speed

Three special cases are of interest.

First, suppose the point is at rest in the air (v = 0) as in a laboratory test. Two of the terms
vanish, and the corona current is proportional to V1

2 , and also to k. Since the ratio of positive to
negative mobilities is 1.6/2.2, the current at a given potential would be expected to vary in the same
ratio as polarity is changed. Further, mobility varies inversely with density. The isothermal den-
sity of the atmosphere decreases exponentially with altitude, the density at 18,000 It being about
half that at sea-level, and the density at 36,000 ft being about one-quarter that at sea-level.
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Therefore, one would expect current to vary accordingly in altitude chamber tests. All of these
effects are observed quite rigorously [for example, PELTON, 1953, Fig. 9].

Second, suppose that no potential is applied to the discharger. Again two terms vanish in (23).
This is virtually the case in the Philco system [GREEN and LAURENT, 1950], where the outer
cylinder is at the same potential as the airplane skin, and the high voltage points are shielded by
the surrounding cylinders. Although their wind tunnel tests were hardly definitive, the current did
vary with a power of the wind speed. Theoretically one would expect the current to vary with the
square of the wind speed.

Third, suppose that there is no significant geometrical distance in the experiment. This would
be the case if the corona point were isolated far enough behind the aircraft to prevent return cur-
rent from flowing back to the aircraft skin. Once again two terms in (23) vanish, and now the cur-
rent is proportional to the aircraft velocity and to the point potential. Further, the current will be
independent of mobility, and hence independent of polarity (although k+ is not equal to k-), as well
as independent of altitude (although k varies with altitude). In wind, an independence of polarity
and a linear dependence on potential has been reported 'LANGMUIR, 1945].

Any theory cf the magnitude of corona discharge current must reduce dimensionally to these
cases.

Physical relations--When an aircraft becomes highly charged in flight, it is because an excess
of current of one polarity is being delivered to it, generally by impact of 'frictional' electrification
all over its frontal area. Most regions in the atmosphere are electrically neutral, or at least neu-
tral in comparison with considerations involving currents of many microamperes; hence the air-
plane will acquire one sign of charge while it leaves behind it a broad region of space charge of
opposite polarity. If the electrostatic charge on the aircraft is maintained at zero by an active cor--
ona point in the tail of the aircraft, as in the ZECA system noted above, then there will be a narrow
dense region of space charge discharged by the corona point directly behind the point. Subsequently,
this narrow dense region of space charge is assumed to have different mathematical forms, such
as a cylinder, or paraboloid.

At large distances behind the aircraft, the two space charges of opposite polarity will inter-
mingle and exert no influence on the discharge. Close to the point, however, the broad space charge
will have a minor influence, so that we shall be concerned mainly with the narrow dense region of
space charge just behind the point.

Clearly, very close to the isolated corona point, there must be spherical symmetry (or almost
spherical symmetry), since virtually all of the effects will be associated with the point potential and
wind will be unimportant. It has already been mentioned (see Eq. (18)) that far behind the point the
space charge will assume the form of a paraboloid. We thus have boundary conditions defined in
general terms. It is the purpose of the mathematical discussions which follow to try to fit a solution
to these conditions.

As a method of procedure we may assume that oit to a certain distance from the point, spherical
conditions apply; beyond that distance the situation uity be described in terms of a cylinder or trun-
cated paraboloid of space charge (see Fig. 2). Point potential V1, ion mobility k, aircraft speed v
may be assumed to be known. There are four main unknown parameters: discharge current i, radius
r2 of the sphere about the corona point in which spherical conditions apply, radius r 3 of the cylinder
or the radius Ro of truncation of the paraboloid (depending on which model Is adopted for calculation),
and the potential V2 of the spher- of radius r 2 . To solve for these four unknowns we must have four
physical conditions for which we can write appropriate relations. Physical reasoning suggests the
follow ag conditions as being applicable (although there are others that may be chosen [CHAPMAN,
1955]:

Condition I--Directly behind the point the electric field vector toward the rear associated with
the point potential must balance the electric field vector forward associated with the narrow dense

40 - - ;.
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DIRECTION OF MOTION
OF AIRPLANE __________________OF AIRPL CYLINDER OF SPACE CHARGE

E, X-AXIS
io.a 0.4 . 0.8 1.0 hTERP

ORONA PI T CYLINDER OF SPACE CHARGE
(POTENTIAL V)

Fig. 2--Geometry of the methods of the space-charge sphere and cylinder
(solid line) or truncated paraboloid (broken line)

region of already-discharged space charge. In other words, the point potential must be great
enough to force the ions into the opposing already-discharged space charge.

Condition 11--Forward of the point toward the aircraft skin, the sum of the electric field vectors
associated with the point potential and with the narrow dense region of already-discharged space
charge must be balanced by the effective field vector of the wind. In other words, the point poten-
tial tends to create an electric field that drives ions back to the airframe; hence there must be a
strong enough wind past the point to blow the ions away from the airplane and thus prevent return
current to the aircraft. If discharge current returns to the aircraft, it does not influence the net
charge on the airplane, and therefore serves no function.

Condition 11--In the space charge sphere where electrical forces predominate over wind forces,
(13) must apply. We understand by V the potential difference between the point and the surface of the
sphere, that is, V, - V2 .

Condition IV--Some criterion must be applied to relate the point potential and the potential of
the surface of the sphere. Subsequently the relation V2 = V1/3 is derived; and a different relation
is suggested.

From these four conditions, in principle we can solve for all the unknowns of interest. The
~validity of the solution depends, of course, upon the validity of the conditions. In the subsequent

paragraphs four different approachies are used to apply the conditions.

The V/3 rule; V2 = V13--Consider a spherical region of radius r2 around the corona point.
within tifs regionassume that electrical and space charge forces on the ions predominate over the
force due to the wind (see Ea. (9)), so that the wind is assumed not to exist. Within the sphere, (12),
(13), and (14) apply. Outside of the sphere, suppose that the wind force predominates over the space
charge forces, so that we may assume that the free space equations, (10) and (11), apply. (This last
assumption neglects the effect of the narrow dense region of space charge behind the point, but we
shall take this into account in the later section on method of irriation.)

ra The potential of the corona point relative to infinity (or relative to the aircraft skin, providing
the aircraft is zero-charged) is V1 . The potential on the surface of the space charge sphere is V2.

-S%
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Just within the surface of the space charge sphere, from (14) the radial electric field is

Ein = -(V 1 - V2 )/2r2 . . . . . . . . . . . . . . . . . . . . . . . (24)

Just outside the surface of the space charge sphere, from (11) the radial electric field is

Eout = - V2 /r 2 . . . . . . . . . . . . . . . . . . . . . . . . . . (25)

Since there is no finite space charge on the boundary, Eout = Ein and hence

V1 - V2 = 2V2 . . . . . . . . . . . . . . . . . . . . . . . . . . (26)

or

V2 = V/3. ........................... (27)

Thus, if a point at infinity is considered to have zero potential, the potential on the surface of the
space charge sphere is one-third the potential of the point. Eq. (27) will be referred to as Condition
IV.

The conclusion of (27) may be reached also by a more elegant argument [LANGMUIR, 1945].

Method of the simple space charge sphere--The following analysis is a simple one, and is not
rigorous since it neglects the inhibiting influence of the electric field of the already-discharged
space charge. It is included because most of the material in this section is required for the two
following sections, which are more rigorous, and do consider the influence of the already-discharged
space-charge.

As above, let us suppose [L.NGMUIR, 1945] that all of space may be divided into two regions.
The inner region about the corona point of potential V 1 is a sphere of radius r 2 having a surface
potential V2 . Within this region space charge (12), (13), and (14) apply. The outer region comprises
all the rest of space. In the outer region space charge forces may be neglected and only wind forces
(Eq. (9)) apply. In this situation we have seen that Condition IV is

V2 = Vl/3 ............................ (28)

In (13), the potential difference between the corona point and the sphere is V1 - V2 ; thus Con-
dition H is

i (31r co/2) [k (V1 - V2 )2 /r 2 ] .................... (29)

If we substitute (28) we obtain

S2r okV 1
2 /3r 2 . . . . . . . . . . . . . . . . . . . . . . . . (30)

Since we consider that space charge effects may be ignored outside the sphere of radius r 2 , f-om
(11) and (28) for the radial electric field Es just outside the surface of the sphere we have

Es  V1/3r 2  . . . . . . . . . . . . . . . . . . . . . . . . . . (31)

Now let us apply a variant of Condition H, and take the field at the surface of the sphere E. to bejust equal to the wind field E = v/k (Eq. (9)). Thus

V1 /3r 2 = v/k........................... (32)

--- -- - -- - - .. --
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When (29) and (30) are combined we have the results

i = 2 7r eoVV 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . (33)

r2 = kVl/3v............................ (34)

If we substitute our normalized values v=- 100 m/sec, V1 = 100,000 volts, and k = 4 X 10 4 m 2 /sec
volt,

i = 555 X 10- 6 amperes or 5L microamperes ............... (35)

r2 = 0.133 meter ......................... (36)

It is to be noticed that the blow-away current is proportional to the first power of the speed and the
first power of the point potential. The current is independent of mobility and any distances. Eq.
(33) is consistent with the dimensional analysis of (23).

Method of the space-charge sphere and cylinder--Here we consider that there Is a space charge
sphere about the corona point in which wind forces are neglected, and behind this sphere there is a
non-expanding cylinder of radius r 3 of already-discharged space charge, as shown in Figure 2. We
make use of Conditions III and IV as in the previous section so that (30) and (31) are applicable here
tOo.

Condition I specifies that the axial field Eco :t the end of the cylinder of already-discharged
space charge, given by (17) is equal to the radial field Es at the surface of the space charge sphere
given by (31).

Thus

Es  =Eco* ........................... (37)

or

Vl/3r 2 = i/27r For 3 v ......................... (38)

Condition II specifies that Ec + Es = Ew, where

Ec is the field at the forward surface of the sphere, from the
cylinder of already-discharged space charge, and is given by (17)

E is the field at the surface of the space charge sphere
given by (31), and

Ew is the wind field given by (9)

Thus

Ew =E s +E ........................... (39)

or

-/k - V1 /3r 2 + (i/2'ir £or 3 v) [ 1 + (2r2 /r 3 )2  2r 2 /r 3 ............ (40)

The solution of (30), (38), and (40) is LCHAPMAN, 1955]

r 3 =kV /v ........................... (41)
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r 2  10kV1/21v .......................... (42)

i = 1.407r ovV 1 . . . . . . . . . . . . . . . . . . . . . . . .. . (43)

and of course

V.. V1 J ............................ (44)

Substituting normalized values v= 100 m/sec, V1  105 vots, and k =4 x 10"4 m2 /sec volt, we have

cylinder radius r 3 = 0.40 meter ............. (45)

sphere radius r 2 = 0.191 meter ............. 46)

cu-rent i = 388 X 10-6 amperes ....... (47)

sphere potential V2 = 33,000 volts ............ (48)

The form of (43) is the same as for (33), the only difference being the numerical coefficient. Eq.
(41, (42), (43), and (27) are the solution for the four unknown parameters previously cited, as deter-
mined by the four conditions, applied to the non-expanding cylinder of space charge for the narrow
dense region of space charge behind the corona point.

Method of the space charge sphere and parabolold--If we replace the non-expanding cylinder of
space charge by the truncated paraboloid referred to by (19), (20), and (21), and shown in Figure 2,
then in the analysis just presented we should replace Eco by Epo and Ec by Ep. The algebra is
extremely tedious and solutions must be obtained in part by trial and error. The results are
[CHAPMAN, 1955]

radius of truncated paraboloid Ro = 0.274 meter ............... (.49)

radius of space charge sphere r 2 = 0.188 meter ............... (50)

current i = 394 x 10 - 6 ameres ........ (51)

sphere potential V2 = 33,000 volts ............... (52)

It is seen that the results here are not very different from those in the immediatelt preceding case.

The method of variation of f; V2  V1 -- The method of the sphere and cylinder may be repeated
without, however, using the result of V/3 rulr, that is, that the sphere potential V2 Is Vi/3 , where
V1 is the point potential. Instead we may place

V2 = fVi . ................. (53)

where the fraction f is a parameter whose value, as we shall see, lies somewhere ,n the range from
about 0.3 to 0.5. Results for a few arbitrary values of f are given in Table 1.

The problem now is to determine a physical basis for selecting the proper value of f. The re-
suits for the space charge sphere and cylinder constitute the first line of figures. In that discussion,
above, the presence of the narrow dense region of space charge behind the space charge sphere was
ignored. While we must not be too rigid in our thinking regarding the physical existence of a math-
ematically defined space charge sphere, it does seem true that the presence of the narrow dense
region of space charge so near to the sphere ought to give it a surface potential greater -'.ap would
be the case if the narrow dense region of space charge were not there.

V.
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Table !--Results for various values of the parameter f

1i amp m m v/r v/M
0.333 388 0.191 0.40 175,000 250,000
O0 292 0.205 0.27 195,000 250,000
0.442 245 0.212 0.212 199,000 250,000 e

0.48 197 0.228 0.169 210,000 250,000
M 0.50 179 0.231 0.150 215,000 250,000

The capacitance of an isolated object is defined as the ratio of its charge to its potential. It is- well known that if C is the capacitance of an isolated conducting sphere, then the capacitance of two
equal tYuching conducting spheres is 2C In 2, or 69.3 pct of the sum of the capacitances of two isolated
spheres. Thus with a given charge on a sphere, its potential is increased in the ratio 1/0.693 by the
presence of a second equally charged sphere.

A We may consider the second sphere as an approximation to the narrow dense region of space
_M

charge behind the space charge sphere. Applying this argument, we might expect the V/3 rule to
NUM be modified to V/(3 x 0.693), or in (53) we might expect

1 = 0.333/0.693 = 0.480 ....................... (54)

Hence the fourth line of figures in Table 1 would be the correct one; that is, the current would be
197 microamperes.

Alternatively we might select a value of f intermediate between 0.333 and 0.480. Since ions do
move away from the sphere about the point, there is the presumption that the second sphere should
be chosen to have a smaller potential than the first, an effect that would yield a value for f of less
than 0.48. The solution for f = 0.48 is somewhat disturbing also, since r 3 is less than r 2 , and such
a geomerry ooes not seem particularly appropriate. Again we might select the condition r 2 = r3 or
f = 0.442. In any case 0.333 seems too smal for f, and probably the value lies between OA and 0.5.

The mathematical argument is not continued beyond this point in this paper, although further
ideas are given elsewhere [CHAPMAN, 19551.

Still air simulation--Consider a laboratory set-up in still air, the set-up consisting of two
horizontal parallel plates separated a distance d, as shown in Figure 3. A potential V is appled
to the upper plate, and a corona point is placed through a hole in the lower plate so that the point
is at a height h above the lower plate. At the same height h, but at a place removed from the
point, the potential in the space between the planes is Vps, so that the potential difference between

VN this region and the point is Vps.

Since the electric field between the plates is V/d, ions of mobility k will move in the region
between the plates at a speed kV/d. Thus the arrangement of Figure 3 simulates a condition where
ions are in a simulated wind of sneed

v- kV/d ........................... (55)

and the oint is at a notential

p Vh.i.d ........................... (56)

relative to its surroundings.

-v--
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,,

Fig. 3--The experimental arrangement for corona-discharge
measurements using an electric field to simulate

the effect of wind

From the analysis of the sphere and cylinder, we expect corona current from aircraft in flight
to be proportional to the first power of the point potential and the wind speed. Thus the true current
it from a corona point is

k = (Vpt/vps) (vt/vs) is ...................... (57)

where

Vpt = point potential on the aircraft

V = simulated point potential, (56)ps
vt = true airspeed

vs = simulated wind speed

If we note that for actual corona points there Is a starting potential Vo of three or four kilovolts,
(57) becomes

- Vpt -Vo Vt !
it Vh/d -V I[V/d s.................... (58)

My colleague, Roland Piii4, has made careful measurements with an experimental arrangement
like Figure 3. The lower plate was 0.81 meter in diameter; the upper plate was 0.61 meter in di-
ameter and its circumferential edge was protected by a corona shield consisting of a bicycle tube
painted with a conducting layer of colloidal graphite. The point was a Recoton Superchrome Phoneedle
(a standard 0.006-cm radius. 78 rpm phonograph needle) placed at various heights h from 0.04 to 0.12
m above the lower plate. Plate separztion d was 0.30 m. These data were taken in 1953.

- 7Curves followed the usual quadratic form above a starting potential, as would be expected. For
example if the analysis of equation (58) is correct one would e.qect V

I is o hk(V - V" ) d ....................... (59) i
s hk)

where

VJ= Vod/h .......................... (60)

-- - - -- - - - - - - - - -- %
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Thus current would be quadratic with V above a starting potential Vo-

Some representative data taken at 20°C and 74cm Hg pressure, with h 0.10 m add d = 0.30 m,
were

i .22.7 x 10-6 amperes, V = +64,500 volts or - 76,500 volts; ands 5-

N is = zero at onset, Vo = -9000 volts or -12,000 volts.

Taking values of mobility as k+ = 1.6 x 10 4 m2 /sec volt, and k- = -2.2 x 10" 4 m 2 /see volt, we can
Wreduce the data to 0°C and 76cm Hg, and then normalize to Vt= 100,000 volts and v = PO0 m/sec,

we h ve for the ?ositive point (negative upper plate)

it+ = +225 x 10 6 amperes ...................... (61)

and for the negative point (positive upper plate)

it- = -227 x 10-6 amperes ...................... (62)

In view of the fact that the simulated speed of (55) depends on mobility and on potential, it Is inter-
esting that the measured data give essentially equal currents. This Independence of current upon
mobility was referred to earlier. The simulated wind-speeds from (55) may be readily calculated
to be 45 m/sec for the positive point, and 52 m/sec for the negative point.

Data of ine tlpe given here taken by vartous observrG are not always in quantitative agree-
ment. In one experiment [LANGMUIR, 1945] data were gi-ven for the negative point only where d
was 0.05 m. Using that data, the negative point current would be about twice the current given here.
It may be that in the smaller apparatus, all the electrons from the discharge had not attached to
form negative ions. The near eqi ,litvy of the positive and negative currents using the data given
here suggest that in these experiments ions rather than free electrons were involved.

-If the simulation could be done with a strictly isolated point, it is the opinion of the author that
the method would be ,aite good, in spite of possible electrical mirror image effects in the plate.
The point, however, is supported mechanically with an electrical conduLtor, which to some extent
distorts the field lower than the point. It is difficult to say whether this effect decreases the cur-
rent by reducing the simulated wind behind (or lower thai,) the point, or whether it increases it by
yielding a correspondingly greater field ahead of (or higher than) the point. Probably both effects

M , would be -rly small, not exceeding ten per cent.

Miscella-ieous comments--All the preceding analyses have involved approximations, and ob-
viously the results must not be considered quantitatively precise. For example, we have con-
sidered a soace charge sphere from which wind is excluded, with the wind having full speed else-
where. Clearly this model can be only app. oximata, especially since the 'sphere' probably will be
skew.

If the airplane is not aerodynamically clean with sharp trailing edges, th3re will be image for-
ces in the airplane. A flat plate transverse to the wind and transparent to it (if such can be imagined)
would reduce the current by a factor of about k

If there is a conducting plasma around the point, there will be little voltage drop for a short
distance. Hence V1 will apply to d surface having a radius r 1 of a few centimeters. The effect on
the current is the same a. increasing the point potential. This phe,xomnon -.a- perhaps respons-

,WU ible for the fact that altitude chamber measurements of cu,'rent fPFSLTO ', nd Others, 1953] quan-
titatively were greater than theory would call for on the basis of the chP.±b-r radius. A ratio of
plasma radius to chamber radius of onL to nine increases the cur-ept 2.25 titues over that ior a
point.

It is worth noting that the starting potential for a high voltage flame is zero, but for a metal
U. point it is a few thousand volts.

WA,
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With an ordinary point, the discharge is very unsteady until the current reaches a value at
least as great as about half a microampere. If radioactivity is applied to the corona point, then a
finite stable discharge is obtained with a very low voltage. The corona point attached to the author's
garage is 32 ft high, and has 320 micrograms of radium on it. In fair weather a current of 0.01 to
0.05 microampere commonly is obtained. With thunderstorms or snow squalls in the vicinity, the
current commonly is one to five microamperes. Peaks as great as 2u microamperes of either
polarity have been observed. The radioactivity is of negligible significance (other than in stabiiiz-
ing the current) when the current exceeds about 0.3 microampere since the total ionization created
by the radioactivity is of that order of magnitude.

If one attempts to establish a value for the surface potential of the space charge sphere by
integrating the field from the narrow dense region of space charge from infinity, irrespective of
the path the result is infirite. This shows that the broad region of space charge of opposite polarity
should not be ignored in this type of integration.

When discharge currents are being measured in fair weather, it is important to note that per-
formance data should be taken when the aircraft is zero-charged. Otherwise the potential of the
aircraft may influence th- discharge, so as to give misleading results. To obtain maximum current
under zero-charge conditions, the aircraft should be charged (by manual over-ride on the controls)
with one polarity. Then the discharge polarity should be changed, and current recorded as the air-
craft passes through zero-charge.

Data and conclusions--It seeirs to be established that for this type of discharger configuration
with an isolated high-voltage corona point, the current is proportional to the first powers of the
point potential aad the velocity, and is independent of mobility, and hence of polarity and altitude.

Unfortunately, the data [PELTON and Others, 1953] from the B-29 are very meager; in fact
there is only one really useful current measurement at +23 kilovolts at a true airspeed of 273 miles/
hour. The result is somewhat questionable and shodld not be considered as definitive. Adopting a
four-kilovolt starting potential, and extrapolating to the normalized values of 100 kilovolts at 100 m/
sec, the -urrent would have been 154 microamperes. Aerodynamicists at the Laboratory [PELTON
and Other-, 1953] consider that the true airspeed in the vicinity of the point was between 0.6 and 0.8
of the true .iircraft speed, since the special fairing at the tail surface built to accommodate the point
somewhat snielded the point aerodynamically, and hence probably reduced the wind speed there. If
we adopt an average value of 0.7 for the speed reduction factor, then at the full speed of 100 m/sec
the current would have been 220 microamperes.

A summary of the magnitude of the currents we have discussed follows:

(a) Method of the simple space charge sphere 555 microamperes

(b) Method of the space charge sphere and cylinder 388 microamperes

(c) Method of the space charge sphere and paraboloid 394 microamperes

(d) Method of variation of f 197 microamperes R
f = 0.333/ In 2 = 0.480 V

(e) Method of variation of f 245 microamperes ..

r = r3, therefore f = 0.442 W

(f) Observation by simulation (1953 data of Pilie) 226 microamperes

(g) Other methods of calcuiation [CHAPMAN, 1955] 170-400 microamperes ip

kh) Extrapolation of the B-29 datum 220 microamperes
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Method (a) obviously gives a value that is too large, and it should b3 rejected from serio-us
consideration. Values of Methods (b) and (c) probably are distir.ttly too large. The reasoning re-
lating to the variation of f suggests that the value cf Method (d) is probably too sn.al!, with a pref-
erence for the value of Method (e). As remarked in discussing still air simulation, the result tf)
is probably fairly good. Not a great deal of confidence can be attached to the measurement (h). In
my own thinking I consider 225 + 25 microamperes to b= reasorabla, on the basis of calculations
and simulation.

The figures just given apply to the use of a z'ngle isolated point behind the aircraft, this point
receiving full benefit of the slip stream. Clearly, ii severa- well-separated points aje used, the
current should be proportional to the number of poLnts. If points are not spaced considerably farther
apart than twice the space charge sphere radius (2r 2 = about 40 cm at 18,000 ft altitude or about 20
cm at sea-level) then Interference effects between points would be e.pected to reduce the current
per point. The point must be placed behind the airframe skin a distance distinctly greater tha r
if return current to the aircraft Is to be avoided.
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REPORT ON SOME OBSERVATIONS ON ATMOSPHERIC ELECTRICITY

Josef Fuchs

Ramperstorffergasse 
2

Vienna 55, Austria

Abstract--The audio-frequency phenomenon of 'whistlers' or 'sifflements ,' which
can be heard in long wires as a musical tone descending in frequency from several
kilocycles to nearly zero cycles within an interval of about one second, was observed
at the Sonnblick Observatory (elevation 10 200 ft) continuously over a six-year period.
it shows a daily and a yearly fluctuation (Trabert; Conrad). Studies of potential-gra-
dient measurements made during times of disturbed weather have shown distinct char-
acteristics associated with the passage of different types of meteorological fronts. The
form of the potential-gradient curve as a function of time during the passage of cold
frents is quite unique and easy to distinguish from that during the passage of warm
fronto (Seper). Observations of the kind of atmospherics called 'grinders' and 'clicks'
have shown that the former, probably resulting from glow discharges, exist only during
+he earlier phases of the development of a thunderstorm, while the latter, resulting from
ncrmal lightning flashes, predominate during the storm's main phase and thereafter.
Continuous observations of grinders and clicks are therefore a valuable source of infor-
mation about the electrical state of weather situations and also give indications about
the dynamic processes envolved.

I should like to report some observations on atmospheric electricity, which may be of some
value for a deeper understanding of problems, which are at present only partially solved.

The first report concerns the audio frequency phenomenon of 'whistlers' (or, in French, 'sif-
flements') which are of actual interest, because new hypothesis are made about their origin. Such
a whistler can be heard easily in long wires as a musical tone, which descends in frequency from
several kilocycles to nearly zero cycles in about 0.1 to 0.8 second.

I think that it will be of interest to note that this phenomenon was observed as early as 1883,
and contindously during the six following years at the Sonnblick High altitude Observatory. This
meteorological observatory is situated 3100 m above sea-level and is connected with the post of-
fice by a long and free telephone line in a north-south direction.

This telephone wire has a length of 22 km and covers a difference of elevation of more than

two km. It was grounded at both ends. Immediately after completion, Professor Pernter often ob-
served a whistle of variable intensity in the line and Professor Trabert evaluated the observations
of the aforementioned six years. Later, in 1902, Professor Conrad, now in this country, made a

special investigation on the intensity of these whistlers during cloudless weather and found a strong
relation to the value of the normal daily periodically changing potential gradient of -ositive sign.

In 1928 1 also ol-herved this phenomenon as a short whistle of decreasing musical frequency,
lasting about 0.2 second, with irregular intervals between two whistlers often up to several seconds.
This phenomenon sounds, somewhat similar to the whistle produced by a flick with a whip. It was
always perceptible without any amplifier. Furthermore I found that increasing values of the posi-
tive potential gradient are connected with an increasing number of whistlers to four or five per sec-
ond. But, an interesting fact, this correlation failed at negative values of the gradient that is during
disturbed weather. In this cases whistlers remaines weak, not withstanding that the negative poten-
tial gradient rose to values higher than -1000 V/in.
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Figure I shows the normal daily period of the whistlers deduced by Trabert from the six-year
series of observations from 1888 to 1894. One sees that the whistlers in the 22-km long telephone
line show a regular behavior. The 0 means no whistlers, I means few, 2 medium, and 3 means a
great number of whistlers.

Concluding this report on whistlers in long wires it can be said, that the Sonnblick observations
did not lkad to any conclusions about the physical cause of the phenomenon, but one gets the impres-
sion, that the electric field of the atmosphere must play a particular part in the generation of this
phenomenon.

The second part of this report concerns the relation between the behavior of the potential gra-
dient and the corresponding weather situation. It is known that the potential gradient often varies
in close connection with the changing weather, but it is seldom possible to coordinate certain weather
situations to certain states of atmospheric electricity. Because it was expect J that the same me-
teorological situations must normally lead to the same distribution of charges in the interior of the
clouds, a research program was undertaken with the aim of correlating the form of dhe curve of the
potential gradient to the corresponding of weatherfronts.
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Fig. 1--The normal daily period of whistlers, deduced by Trabert from the six-year
series of observation 1888- 1894 at Sonnblick High Altitude Observatory, Austria

L It was then observed by Dr. Seper (Fig. 2) that a normal warm~front produces in general at
negative potential gradient during the whole time of its passage. Only when th'e front had passed,
the field clanged again to its normal positive values. Slow wandering cold fronts, such as those
of the first order in the classification of Bergeron, behave nearly in the same manner. This is1not surprising, for in both cases there is a warm air mass, which is gliding up on a cold air mass.

The difference is only that in the case of a warrnfront the active one is the warm air mass, whereas

in the case of a cold front of the first order the active one is the cold air mass.
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The observations showed also (Fig. 2) that the time of the passage of the front is more pre-
cisely determinabl- by means of the times of commencements of field changes than by that of the
meteorological elements, observed on the ground.

A cold front of the second order in the sfnse of Bergeron shows quite another behavior. This
is the well-known cold front of strong turbulence. In this case the field changes frequently between
greater positive and greater negative values of the potential gradient. This behavior i& easily under-
stuod for it is not only known, that the clouds of such a cold front have a complicated structure but
also, that they must have a cellular and subcellular structure as, in an extreme case, is shown by
the clouds of a thunderstorm.
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Fig. 2--Potential gradient registration in Vienna, Austria (with Benndorf-electrometer)
during the passage of a warm front (above at 16h, below at 10h) and the

following cold front (at 21h in both cases)

It is clear that the forms of the curve of the potential gradient (Fig. 3) are not always received
in the aforementioned pure forms but sometimes combined with other effects acting at the same
time.

The results of this investigation have shown that in every case the observation of the potential
gradient gives a better knowledge of the dynamic events in a front than the observation of the mete-
orological elements on the ground.
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Fig. 3--The behavior (of an average of nearly !00 front passages) of the potential
gradient during the passage of corresponding phases of a barometric

depression; P = pressure; T = temperature; F = humidity

The third part of my short report concerns the qualification of two sorts of atmospherics to
estimate the electric and dynamic status of clouds in the growth-stage and mature-stage of a thun-
derstorm. These two sorts are the 'clicks' and the 'grinders,' of which by far the greatest number
of publications deals with the clicks.

The reasons are first that the receiver or any automatic device cannot distinguish between clicks
and grinders, and second, that the clicks show on the average greater amplitudes than the grinders.
Therefore nearly all automatic observusions record clicks.

It is therefore necessary to observe atmospherics by ear, if one desires to distinguish between
clicks and grinders. Careful investigations undertaken in this manner at the Sonnblick Observatory €
showed, that the causes of clicks and grinders are very different ones: Whereas (it is welt. knJown
that) a click is generated mainly by the return stroke in the channel of a lightning discharge, the

: grinders Originate at quite another phase of the electrifying process of a cloud.
- There are two main observational facts concerning the appearance of grinders: (1) As soon as

. :°- cumulus clouds are visible, grinders show a regular period, starting at noon, with a maximum dur-~~ing afternoon. (2) During times of th~understorm activity and therefore strong click intensity, grind-

ers often disappear completely.
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As grinders like clicks are representative of the electromagnetic radiation of electric dis-
chars in clouds, it was now necessary to ask for the cause of the suppression of the grinder-
producing process, when the click-producing process begins to work.

Such a behavioi is to be understood if there exists in normal cumulus clouds a charge separa-
ting process, which is restricted only to the upper parts of the cloud.

The proof about existence and location of such a process was delivered by the visual observa-
tion of a series of distant sheet lightning seen from the Sonrblick observatory as well as from the
Solar Altitude Observatory Kanzelh6he. Sheet-lightning was situated precisely in the growing top
of a cumulo-nimbus-cloud, flashing up there with nearly regular intervals of three seconds. In all
of these cases strong grinders could be observed in radio receivers.

About the basic physical processes the following can be said: It is known, that sheet-lightning
is produced by glow-discharges. Because of the reduced pressure in these heights, discharges occur
there at lower fields and therefore with reduced charges. No normal flash can be produced there.

The difference between the strong grinders accompanying sheet lightning, and the weak grinders
observed during the presence of normal cumulus clouds, is only a quantitative one. In the last case
the grinders are produced in the turbulent upper parts of normal cumulus clouds by much weaker
and therefore invisible glow-discharges: they can also be called mrcro-flashes. The range of the
weak electromagnetic radiation of this kind of discharge may not exceed 20 ktm.

The mechanism of the separation of charges at these heights of low pressure for the generation
of normal grinders may be of the same kind as proposed for the separation of charges in clouds,
that is, based upon electrification resulting from the freezing of supercooled droplets and the other
connected necessary mechanisms in the turbulent parts of the clouds.

The aforementioned restriction of the electrification processes to the top parts of cumulus
clouds is caused by meteorological circumstances alone, because the greatest turbulence is located
there during the cumulus stage. Only when a camulus becomes able to extend its inner turbulence
to lower levels, that is with the beginning of the downward air-curr it, then the cloud as a whole
will be Included in the electrification process. This signifies the chang. om the cumulus stage
to the mature stage.

The top part of the cloud then loses its individuality as an electric generator and remains only
a part of a much greater one. The disappearance of grinders, due to the ceasing of glow-discharges
in very high levels and the appearance of clicks, caused by the newly formed normal flashes in
lower levels, characterizes this stage.

The correct discrimination between clicks and grinders is therefore a means to determine from
moment to moment whether the cloud as a whole or only the top-part of it is acting as a generator
of electricity.
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EFFECTS OF RADIOACTIVE DEBRIS FROM NUCLEAR EXPLOSIONS ON THE
ELECTRICAL CONDUCTIVITY OF THE LOWER ATMOSPHERE

D. Lee Harris

U. S. Weather Bureau
Washington, D. C.

Abstract--An increase in the ionization near the ground due to the fall outfrom a radioactive cloud formed by a nuclear explosion will increase the con-ductivity and lower the potential gradient in the lower atmosphere. Records ofatmospheric conductivity and potential gradient from the Tucson Magnetic Ob-
servatory are compared with records of the deposition of atomic debris on theground following the Nevada tests. The observed changes are not inconsistent
with values computed from theoretical considerations. Most of the effects are
confined to a very shallow layer, within a few meters of the ground.

It has been suggested on several occasions that the ionization produced by the debris from theatomic bomb tests in Nevada might produce significant changes in the normal electrical parame-ters of the lower atmosphere on either a local or world-wide scale. Recently, the Scientific Serv-ices Division of the Weather Bureau decided to investigate the magnitude of these changes.

The Weather Bureau, in cooperation with the Atomic Energy Commission, has maintained anetwork of observation stations to measure the spread of adioactive debris across the country
after each of the last several atomic test series. An estimate of the debris deposited on the groundNis obtained by exposing one-foot square sheets of gummed paper on a horizontal stand about 30
inches above the ground at a large number of stations scattered throughout the country. These

- -papers are exposed for a 24-hour period, and are sent to the New York Operations Office of theAtomic Energy Commission for a count of the radioactivity. In most cases, two or three papers
were exposed simultaneously. In general, the simultaneously exposed papers at any one station
showed good agreement, but differences of an order of magnitude were observed in a few cases.A description of these observations has been given by U. S. ATOMIC ENERGY COMMISSION [1953],EISENBUD and HARLEY [1953], and LIST [in press].

The Tucson Magnetic Observatory, at Tucson, Arizona, makes continuL ; measurements of thepositive and negative conductivity as well as the potential gradient. These instruments have beendescribed in detail by TORRESON [1939] and by WAIT and PARKINSON [1953]. The following briefdescription will be sufficient for the present purposes. A schematic diagram of the Observatory,a flat-roofed structure three meters high, is given in Figure 1. The potential gradient is measured
by a radioactive probe extending outward from one wall at a height of 2.45 m above the ground.Both positive and negative conductivities are measured by means of modified Gerdien apparatus.
The air is drawn into the instrument through vent pipes on the roof and is exhausted under the floorof the building by means of a fan at floor level. According to Torreson, the air is drawn through
the system at a vel3city not less than two meters per second.

Fortunately Tucson is in the network v-f stations which record the fall out of atomic debris,and so it is possible to make a reasonably direct comparison of these two sets of records. Although
Tucson is near the Nevada test site, the winds from the proving grounds generally pass north ofTucson, and only a few cases of significant fall out have occurred. The greatest fall out recordedat this station was measured from the gummed paper exposed between llh 30m MST, June 2 andueM llh 30m MST, June 3, 1952. In this case, three papers were exposed, and they showed good agree-ment, indicating a fairly homogenous fall out. A tracing of the records of atmospheric condkc tivityand potential gradient corresponding to this period is given in Figure 2. The record prior to 21h 00m
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1 is typical of that recorded for several days prior
to that time. The record after 24h 00m is typical

___________ 1__ of that recorded for the next four or five days.

The hourly mean values of the potential gra-
dient and conductivity for the period 08h 00m June
1 to 08h 00m Sune 5 are shown in Figure 3. Sinc-

Qthe calibration factors necessary to reduce these
observations to absolute units over the range of
values observed are not available, the deflections

- of the instrumental records from the zero values
are shown in arbitrary units. The smooth lines

_ - .PTh +i AfVET kw_=H drawn on the right-hand portion of the conductivity
CCoCMW, W n records represent the theoretical conductivity due

to both natural causes and fission products based

on certain assumptions to be discussed below.

Fig. 1--Schematic diagram of the atmospheric
electricity observatory, Tucson, Arizona; There were several thundershowers at Tucson
P. G.-potential gradient meter; c, c', con- on June 2 and the abrupt change in the character of
ductivity meters the record occurred at the end of the last shower.

A study of the upper winds indicates that only a
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Fig. 2--Record of poten.al gradient and positive and negatve co'nductivity ,
June 2-3, 1952 at Tucson
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Fig. 3--Record of potential gradient, and positive and negative conductivity,
June 1-6. 1952 at Tucson

thin portion of the radioactive cloud passed over Tucson at an altitude of about 16,000 ft. The avail-
able data indicate that this debris must have been carried downward by the last shower of the day.

The conductivity appaars to have been increased about tenfold and the potential gradient when
not affected by the showers, appears to have been decreased by a factor of about six following this
fall out. The observer's log indicates that he investigated every likely source of instrumental fail-
ure without learning the cause of the unusual disturbance-in- the record. The record- of both con-
ductivity and potential gradient were clearly abnormal for four or five days following this fall out.
The conductivity record appears to have been somewhat abnormal for a longer period, but the values
observed were within the range of natural variability.

It is interesting to compare the recorded change in conductivity and potential gradient with theo-
retical calculations. According to the U. S. ATO1MIC ENERGY COMMISSION [1950] the fission prod-
ucts are primarily beta and gamma emitters. The average maximum energy of the beta particles
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is 1.3 Mev, but most of the particles have smaller energies so that the over-all mean is about
0.4 Mev. The range of a beta particle in air is a little less than five meters for a particle of 1.3
Mev energy and less than 0.75 meter for 0.4 Mev particles. Since the beta particles are being
continuously deflected by electrons and nuclei of the atoms in the air, they follow very tortuous
paths, and the effective range in a straight line is very much less than that indicated above. The
average energy of the gamma radiation from fission products is about 0.7 Mev. The gamma rays
do not have a aefinite range, but their intezisity decreases abcu an order of magnitude by passing
through 240 m (788 ft) of air. It is assumed that the source is an infinite plane.

On the average 33.2 electron-volts wili be consumed in the production of each ion pair. Thus,
the average beta particle will produce 1.2 X 104 ion pairs, and most of these will be produced
within 50 centi meters of the source. The U. S. ATOMIC ENERGY COMMISSION [1950] gives graphs
relating the contamination at the ground in terms of megacuries per square mile to roentgens of f
gamma radiation per hour as a function of height above the ground and the initial energy. By making i
the proper convcrsions it can be shown that one disintegration per minute per square foot will pro- A
duce about 2.9 x 10-5 on pairs per cc per second, at an elevation of one meter above the ground.

The fall out observed at Tucson in this case was about 4 X 105 disintegrations per square foot
per minute on the day of fall out. Thus the gamma rays would have produced about 11.5 ion pairs
per cc per second in the lowest few meters, or just a few more than are normally produced by
natural processes. The total ion production due to gamma rays from fission products and the aver-
age natural production does not exceed the largest values of the natural production which are com-
monly observed near the surface over land. However. the beta particles would have produced ap-
proximately 4.8 X 109 ion pairs per minute per square Ioo. If these were all produced in the low-
est 50 centimeters above the ground, this would amount to an average production of 1.7 x-103 ion
pairs per cc per second. Lft

The true relation between ion production and conductivity for these conditions is not known.
However, we can make an estimate of the relation by consideration of the simple expression for
equilibrium conditions

q = oxn 2 + 13 n .................... ...(1)

where q is the number of ion pairs produced per cc per second, a. is the recombination coefficient
for small ions, n is the number of small ions per cc, and 1 is a complex factor which is a function
of the number of large ions and natural condensation nuclei present. It is assumed that conductivity
is proportional to n.

The value of beta pertaining to this problem Is not known with sufficient accuracy to permit an
exact evaluation of the effect of the above ionization on the conductivity. However, it may be safely
assumed that conduction will not increase faster than the ionization. For very large values of q,
such as may prevail in the region in which beta particles are most effective, we may expect con- A
ductivity to approach (( Lx )0.5, and may be even less than this value because of the ions lost by
vertical diffusion. The ions produced by beta particles canot effect a every deep laver of the
atmosphere, for their source region is the lowest few centimeters of the atmosphere and as they
diffuse upward there will be an excess above the equilibrium ion density and recombination will be
very rapid. STERGIS [19541 has shown that under such conditions the ion density in the non-equi-
librium system may decrease by an order of magnitude within the firs minute away from the source
region and equilibrium conditions will normally be reached within five to 15 minutes.

The increabFt in conductivity at Tucson, which cannot be explained by the ions produced by gamma
rays, is probably due a the diffusion of the ions produced by the beta particles. Since the ion con-
centration decreases rapidly in any particle of air which leaves the source region, it is believed
that any increase in conductivity due to ions produced by beta particles from atomic debris on the
ground would be greatest during the day when vertical mixing is greatest. However, the highest
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values of conductivity are found in the early morning hours, when it is unlikely that the vertical
mixing could lift the ions produced near the ground rapidly enough to account for the increased
conductivity.

Since the observatory has a fiat roof, it is likely that much of the original radioactive material
which fell on the roof remained there. if we assume that the increase in conductivity is due mainly
to the beta particles from radioactive material on the roof, it becomes easy to account for the re-
corded changes in conductivity, and for the fact that the change in the potential gradient, which ce-
pends largely on the conductivity through a laver of 2.5 m, is less than that -. iich would be expccted
from the recorded change in conductivity.

If the above interpretation is correct, the conductivity will bc sharply stratified in the lowest
few meters. At night, when the local turbulence is at a minimum the air sampled by the Gerdien
apparatus will consist largely of air which has been ionized by the beta particles from the debris
on the roof of the observatory. During the day, thern will be more mixing with air which has been
over the roof a shorter period of time, and the conductivity would be exuected to drop. The addi-
tion of more condensation nuclei from the ground would also lead to a decrease in conductivity dur-
ing the day time. It appears that the actual conductivity should be expected to conform to the the-
oret cal value more closely during the night than during the day. The theoretical curve shown in
Figure 3, was fitted at the time of the first maximum of conductivity. This computation is based
on the assumptions that the response of the conductivity recording .nstrument is linear; the total

-4! conductivity may be expressed as the sum of an average value due to natural causes and an additive
term due to Ionization by fission products; and conductivity is proportional to ionization. That is
to say, it is assumed that

= +xt 1 .2 . . . . . . . . . . . . . . . . . . (2)

where A is the average conductivity for each 24 hour period just preceeding the fall out; A is a
constant determined by the data, and t is measured in hours after the explosion.

In this case it appears that most of the change in conductivity is due to the beta particles whica
originate within a meter or so of the measuring instrument. It is dobful if the conductivity or the
electric field would be significantly modified at any great distance from the ground. Some confirma-
tion for th's point of view -7 provided by Figure 4, which was furnished _ W. D. Parkinson of Ford-
ham University. The continuous line represents the ion production at 12 cm above An iron plate ex-
posed above a flat roof at Fordhnam University. The circled dots and crosses indicate the conductiv-
ity measured by a Gerdien appratus about four feet above the roof of a six story building at Mt. St.
Vincent College in New York City. Each point represents the average co-nductwvity for a twelve hour
period. It is noted that the ion production at 12 cm above the plate on March 19 is about ten times
the natural ion production. yet the averagc conductivity is increased by a factor of less than two.
The increased ion production and conductivity on March 19, is due to a radioactive fail out from the
atomic bomb detonated on March 17.

The next highest fall out at Tueson was about an order of magnitude less than the one discussed
-- - here, and occurred on April 19, 19-52. There is no clear-cut evidence that the artificial radioactsity

due to atomic bombs affected the electrical records at Tucson on this date or at any other time aside
from the above mentioned case.

The General Electric Research Laboratory maintains a corona discharge current meter at.
Schenectady, New York. -Tis instrument has been described by FALCONER [1949, 1953] and by
Schaefer elsewhere in this volume. The records from this instrument have been comoared with the
fall out values obsea--ved at the Albany airport a few miles from Schenectady.

The Albany records snow only one fall out of the magnitude of that discussed above. This occur-
red between 0Th 30m EST April 26 and 07h 30m EST Aprii 27, 1953. and wa s about 40 times greater
than that at Tucson. The ds"--arge current dropped sharDt during this Periodand &he fai. weather field
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Fig. 4--Record of conductivity and beta ray ionization at New York, N. Y.,
'March and April, 1953

remained about an order of magnitude below normal for several days. However, this instrument
is not a satisfactory device for detecting the presence of radioactive debris. The records for all
periods during which atomic weapons were being tested were examined by Falconer to determine ME

if there were other periods in which the records of discharge current were similar to those observed
following April 26. Other periods with similar records were found in which there was little likeli-
hood that bomb debris migh* be involved. k one case, April 1-10, 1952 the period of low discharge M
current began a few hours before the bomb was detonated and several days before any artificial
radioactivity was observed at Albany.

Radioactive f.ll out of the magnitude of that discussed for Tucson have occurred in some parts
of the United States during each of the last three test series at the Nevada Prcving Grounds, but not
following each individual test. Fall out of ten times this value has occurred over some part of the
United States on several occasions. The largest single measurement of fall out more than 300 mi
from the test site was 40 times as great as that discussed above. It is to be expected that surface RRE
meavurements of the atmospheric electrical parameters made within a few days following a fall out
of this magnitude will be significantly altered by this artificial radioactivity. ND evidence has been
found which would indicate that changes in the electrical parameters of the magnitude discussed
above will have a rmcasurable effect on the weather.
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DISCUSSION
CON%- U.NING THE PAPERS PRESENTED ON THE MORNING OF MAY 20, 1954

AND RELATED ATMOSPHERIC ELECTRICAL PHENOMENA

J. A. Chalmers presiding

Dr. Chalmers--We wil start off with the discussion on the various points on the air-earth cur-
rent that came up in the earlier parts of this morning's pazpers. Who will start the ball rolling on
the question of the convection current that was mentioned.

Dr. Swann--It should be pointed out that if one makes measurements by a process in which the
'collecting disc' is covered with a shield, then exposed, and then covered again, the charge collected
is a true measure of the conduction current. If the disc is lest exposed continually, we get additional
effects due to the convection currents, and by making both kinds of observations we can separate
the effects.

Dr. Holzer--The pattern of measurement that we are using, is essentially similar to that sug-
gested by.; ' T Swann. We are measuring simultaneously the potential gradient, both polar conduc-
tivities ani die air-earth current, not by the shielding method, but by a method similar to that de-
scribed by Dx. Kasemir. I believe a comparison of the direct and indirect measurements should do
essentially what Dr. Swann suggests.

Dr. C'almers--You are in fact measuring it directly and indirectly.

Dr. Holzer--Yes. The direct measurement is more nearly like the method Dr. Kasemir
described than the C. T. R. Wilson procedure which Dr. Swann described.

Dr. Chalmers--Dr. Kasemir, you had some point on the sunrise effect?

Dr. Kasemir- -As a result of 20 days measurement at Aachen, we, like Dr. Holzer have noticed
a sunrise effect. When data from the best fair-weathe- days are selected with no wind or cloud, and
averaged, we find that the potential gradient begins to increase at the time the Sun comes over the
horizon. There is no important corresponding change in conductivity. During the first two hours
after sunrise the gradient doubles in value. These obser-ations suggest a change in columnar re-
sistance or the development of a source of electromri've force.

Dr. Holzer--it is interesting to note that the difference in longitude between Aachen and Cali-
fornia make-s te effect more difficult to detect in the latter case. Sunrise at Aachen occurs when
the world-time curve is near a minimum while sunrise in California occurs when the world-time
curv is rising. For this reascn we observe the sunrise effect as a change in slope. A change in
columnar resistance or the development of a source of electromotive force are the possibilities
that must be examined as a physical cause. I think these questions will be decided by experiment.~.-

Dr. Chalmers--Is there any contribution on that point before we pass "o the next?

Dr. Isragl--I should like to ask Dr. Holzer about the problem of the separation of convection
and conduction current. From my earlier experience I found that my computed values of air-earth
conduction current did not agree with the directly measured value. There were seasonal variations
from winter to summer and the amplitude of the variation of the computed values is greater th-n
that fnr the measured values.
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Dr. Rolzer--Most of our air-earth current values have been based upon the product of measured
potential gradient and measured conductivty, and because we have not obtained an extensive series
of direct measirements, I would be reluctant to try to generaize on the data we have.

However, we do hop, this summer (1954) to get enough mcasurements to make a more definitive
statement on this problrm in California an.d Hawaii.

Dr. Chamers--F)o we have anything more on the subject?

Dr. israel--As Dr Holzer spoke this morning of the two effects, world-wide and local, we have
tried to separate these e 'lec..'s by measurements at a single station.

Using the measurements at the Jungfraujoch, I tried to separate the two effects by comparing
the potential gradient aid the directly measured air-earth current. During the summer the diurnal
curves of the two parameters differ, whereas in thL autumn the diurnal curves are parallel. The
difference in the two seasons Is caused by the fact that the austausch la.yer effects the moumtain
tops in summer but not in the autumn.

Dr. Holzr-I dthink that the only dileronre that may exist between Professor lsral's position
and mine is P slight difference in point of view. Professor Israel has inferred from three meas-
urements at a single station that he has measured the world-wide effect, and I am inclined to believe
that Professor lsra l's Inference is correct because of the stability of his co-ductivity.

However, I think that the final proof of this must depend upon two station measurements. Be-
cause of the great cr.plexity (A Lhis problem, one must first obtain stations at which the local
effects are snmall or calculable. Alter one has obtained, two such stations at different longitudes so
t-riht no lonal diur1nal effects can be in phase, parallel records from the two stations are proof that

5-4 one is measuring a world-wide effect, It is possible that even for the best mountain stations, pro-
portional air-earth current measurements will be obtained only during the d rk hours.

Dr. Chaimers--Dr. Byers has a comment on the situation of Dr. Holzer's stations.

Dr. Byers--The region of Prof. 1Rolzer's measurements is one of the most 'quiet' in the world,
from a meteoroiogical, 'limatological point of view. It is in the sinking air of the Pacific anticyclone.
The austzesch or excnige layer is shallow and often limited by a strong inversion. The mountain
stations are above this layer.

In reply io Mrs. Sagalyn, I believe iR can be said that there are two exchange layers, one in the
-U valleys and one above the mountains; the latter is created mainly by daytIme convection developed

by the mountains.

Mrs. Sagalyn--When we made the measurements in Soathern California in the early part of the
summer witDr Holzer, we mad? about 17 flights between 500 aad 15,000 ft above the top of Mount
Palomar, which has an elevation ot appronimately 8000 ft above E ea level. We also flew over White
Mountain which has an elevation of 14,)00 it. The height o! the e:change layer was found to vary
between 500 and 5000 ft over the top of Mount Palomar with an !,verage height of 1500 ft, The top
of the mountain was not found to be out of the layer durirg the period of measurement.

Dr. Byers--How did tqat compare with New England?

Mrs. Sagalyn--We have not made meaauremems of the exchange layer over Mount Washington.
All our measurements have been over flat terrain in New England.

Dr. Ecize---What Professor Byers Eaid is essentially correct, and the effect that Mrs. Sagalyn
mentiors is primarily a day.ime effect. The effects she described were well snown in the resistance

7V. -,% A



149

curves this morning. I believe that in the wintertime and at night that the exchange layer is below
the tcps of the mountains or is very shallow over mountain tops.

Dr. Byers--I think there are two exchange layers. One, in the valley, does not penetrate to the
mcutains. The mountains are able to develop an ex iange layer of thelt own especially during the
da. Itme.

Dr. Weickmann--Is thts exchange layer alwAys conne:ted with the top of the haze layer or with
the cumuius clouds or with any other special condition or is this just a layer you find in your ion
measurements?

Dr. Byers--Mrs. Sagalyn said yesterday that nearly always an inversion layer is visible from

Mrs. Saralyn--There 1s not a temperature inversion all the time, but there is always a change
to a more stabletemperature lapse ra'.e at the top of the layer. The top of the layer is most clearly
marked by a rapid change In the electrical properies with altitude.

Dr. Chalmers--Have we finished on that?
r

Dr. Israel, will you comment on Dr. Hogg's paper?

Dr. Israel--If I understood Dr. Hogg correctly his constant, a, is related to the potential of the
equalizing layer. We attempted to find a relation between the potential gradient at the ground and
the sunspot index used by Dr. Bauer some deczdes ago. Does the value of a correlate with sunspot
numbers?

Dr. Hoggo -There was no consistent correlation found between sunspot numbers and the values
of a.

Dr. Chalmers--Dr. Tamura has a comment on Dr. Kasemir's paper.

Dr. Tamura- -My question is a theoretical one. According to Maxwell's equations if the electric
field varies wiE time and conductivity of the air Is not uniform, then the magnetic field varies with
time. I think this magneitic field variation will be large. Can we leave this magnetic field out of
consideration ?

Dr. Kasemir--I do not understand that exactly, but the current is so small I do not believe that
the magnetic field would be important.

Dr. Chalmers--Dr. Schilling, you had some remark on Dr. Kasemir's paper?

Dr. Schilling- -I had a very straight forward question. Did you have the opportunity to compare
the measured air-earth current density with computed values?

Dr. Kasemir--We have not had the opportunity. We have measured the potential gradient and
the air-earth current. The agreement is so good that it appeai s as if one measurement controls
the other measurement. Therefore, I believe the measurement of air-earth current Is co, :ect.

Dr. Schilling--I concede at the moment this inference--but this is not the case !n our complete
measurements, including conductivity.

Dr. Chalmers--Any other comment on Dr. Kasemir's paper?

7-
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Dr. Swan.--If I understand this method correctly, the principle involved in this discussion can
be illustrated imply, as follows. We observe that the magnetic field of the Earth varies in one way
and the electric field of the Earth varies in another. We say that a changing electric field produces
a magnetic field, and a changing magnetic field produces an electric field; and if we work matters
out, we find a relation between the time variations of the electric and magnetic field.

We say, 'This is fine.' Perhaps we have a theory of one change in terms of the other. Then
we start to work out the order of magnitude and find that the change of the electric field due to the
change of the Earth's magnetic field is enormously too small ard the change of the magnetic field

Ndue to changes of the electric field is enormously too small.

Why were we deceived in this matter? The fact is that because if two variables are related
in a simple fashion, qualitatively, they are not necessarily related by direct cause and effect. In
the present case, the relation of the electric and magnetic fields goes back in large part to their
common relation to the atmospheric tides.

Dr. Chalmers--We now have three questions related to one another, also relating to Mr. Rut-
tenberg's measurements at sea.

Dr. Gish--The thing that impressed me about your records was the rapid variation in potential
gradient and, to a lesser extent, in conductivity. In the first place, I presume that the time constant
of your potential gradient collector was rather small.

Mr. Ruttenberg--Yes.

Dr. Gish--One could account for the contrast between what we found on the Carnegie and your
records, by the fact that we had a time constant of a minute. What was the time constant for your
conductivity instrument?

Mr. Ruttenberg--The time constant of the conductivity instruments is small, the order of a few
milliseconds, but the time constant of the recorder pen is of the order of a few seconds. We believe
the noise exhibited in the records is real and constitutes small variations in the parameters.

-. Dr. Gish--I am very much surprised at the type of record for conductivity. I do not know how
you Foui account for it, especially at sea. During thunderstorms on land, occasionally we could
get things of that sort, but at sea we never saw anything like that.

Dr. Holzer--During the ntght on mountains, we have obtained very much smoother records than
over-tT- seas. I do not think it is an instrumental question. I think it is a true noise because under
favorable conditions, the same devices used at sea will give smooth records.

Dr. Schaefer--This is the same type of effect we obtain with our radioactive probe. At times
it will have this same kind of ncise, other times it will be absolutely smooth with similar amounts
of wind. I agre with you, it is not instrumental. It is a real effect rela.d to a phenomenon in the
atmosphere which we need to kmow much mcre about.

Dr. Byers--I just wanted to ask if this was in any way related to the speed of the ship? Was it
due to the effect of the Low of +he ship in creating something that was coming up from the sea? It
was a pretty small boat doing 11 knots.

Mr Rutten ,erg--The picture I showed of the one quiet day is about as glassy a sea you will
ever find in the Pacific. I leiieve cu hat da we had a minimum of contamination coming over the

rail. With the mininun of spray, we got just exactly the same kind of noise we got on days with
winds of 10. 15 k.ots, with scme whitecaps, and considerable swell.
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Dr. Chapman--In further confirmation, I can say that with my radioactive p. it and with gener-
ating voltmeters, which are different kinds of instruments, we too find this noise on quiet days. It
is not instrumental. There are also times when the records are perfectly smooth.

Dr. Parknson--I have noticed on conductivity traces made at Watheroo, using a quadrant elec-
trometer, that during talm weather quite large 'noise' of period one to several minutes. They
appear to be due to inhomogeniety in thq air that can persist in calm weather.

Dr. Gish--Did you not mean it the other way, the windy days the curve is more disturbed than
on quiet days?

Dr. Parkinson--I very often find large fluctuations on calm nights.

Dr. Holzer--We have made a very large number of measurements now on mountain tops in
California and on the Hawaiian Islands, and we have found a very Ej'steniatic variation of noise on
mountain tops, especially in potential gradient records.

Beginning in the morning, the amplitudc of the noise increases reaching a maximum at mid-day
and diminishing toward night.

Dr. Wormell--I should like to confirm the existence of the effect; if one uses a high-speed meth-
od of recording the potential gradient, and if the sensitivity is suftciently high, noise is present on
the record with an appreciable energy down to frequencies of one cycle per second or even several
per second.

The amplitude Is extremely variable and tends to be greater on a windy day than on a quiet dy,
but the amplitude of the noise may suddenly increase to a much r..;ore disturbed condition, without
obvious reason. If one is trying, for example, to record the effect of field-changes due to distant
lightning discharges, say 200 km away, the limit for the sensitivity that one can use is just this
noise on the record.

Dr. Swann--One must realize that near the surface of the Eazth there is a tendency to build up
an excess of positive ions (the electorde effect). The turbulence lear the surface of the Earth is
constantly tending to destroy this space change by mixing. The flactuations in conductivity and
gradient are probably associated with this turbulent process.

Dr. Chalmers--If I may add something myself, we found that the potential gradient variations
are very much reduced when inversion conditions which stop this turbulence exist.

Dr. Norinder--I think that in studying this problem one should make measurements of the po-
te.tial gradient at two stations a few hundred meters apart and compare the records. In this way
one can study the movement of changes in the atmosphere.

Dr. Chalmers--That is what we did do.

Dr. Norinder--What distance?

Dr. Chalmers--100 meters.

Dr. Norinder--And did you find that?

Dr. Chalmers--We found that the effects were moving with the wind.

Dr. Schilling--We have performed the experiments which Dr. Norinder asks for. We have
established networks with as many as four potential gradient instruments. We obtained results

E..;.... ~ . -



152

similar to those of Dr. Chalmers. Some disturbances travel with the wind within the first few meters
of the surface. Others are higher as we 1' ve found by placing some instruments on the ground and
sow, on the tops of buildings and observing the passage of the same disturbance over successive in-

Wn struments.

Dr. Chalmers--We found the same disturbance passing over a sqtare-shaped building, with
one instrument on one side and one on the other. If it was the ground wind, the building would have
disturbed it.

Dr. Gish--We have made various tests at times to determine what factors affect what we call
'4 t. reduction factor. On one occasion, we put a potential gradient instrument on a tawer some 12

or 15 ft high, at the same time gradient measurements were made at the observatory a hundred
yards away. The agitation of the potential gradient would start in the morning rather abruptly, and
stop rather sharply in the evening at the observatory.

On the tower, however, the effect was not so conspicuous. I have always assumed that what we
had was a gentle disturbance of the sand layer which produced enough charge to cause that agitation.
I think that the variations of the conductivity were not adequate to account for it.

Dr. Sw&..n- -There is one matter on the standardization of potential gradient measurements
S-alwhich I put down many years ago when I was in charge of the earlier work of the Carnegie Institution.

I make reference to a plan for obtaining a stable platform (for standardization experiments) at sea.
The apparatus is something like a hydrometer. A platform is joined by a rod to the large body float-
ing under the surface. The submerged body is below tle region of disturbance and the rod is thin,
consequently the platform is not af't-cted by the surface motion of the water.

Also I wish to make a remark about radioactive collectors. It is to be observed that the usual
statement to the effect that the 'collector assumes the potential of its surroundings' is misleading.
The true operation is as follows. Any rod erected in an electric field acquires a distribution of
charge. What the collector does is to reduce the field and so the charge density at the collector to
zero. The potential to which the system arises in order to accomplish this is proportioltal to the
'field' in which the apparatus is erected.

Dr. Chapman--What Dr. Swann has said is enlightening, and correct for a radioactive probe
drawing no curre,.: whether or not the electrode is served either manually or automatically to a
potential which, as Dr. Swann says, reduces the field at the collector to zero. A corona point,
radioactive or not, works in quite a differtnt fashion. In this case, depending on the height of the
point and the amount of radioactivity, the corona current of the order of 0.003 to 30 microamperes
is a measure oi the field in which the point has been placed, and perhaps of other things.

Dr. Chalmer -Is there any further discussion on these various papers? I think we will now
come to the three separate sections of Dr. Fuchs' papers.

Mr. Smallman--I wished to ask if all whistlers were always of a descending frequency.

Dr. Fuchs--Yes, always decreasing.

Dr. Wormell- - Clicks' observed by Dr. Fuchs are indications of lightning discharges to .arth;
'grinders' are presumably from cloud discharges not, I think, glow discharges. There is strong
evidence that 'whistlers' also arise originally from lightning. They are often preceded by 'clicks'
[see a recent paper by Storey in Phil. Trans. R. Soc., 1953]. I suggest that correlations of 'whist-
lers' with other meteorological parameters are primarily correl .ions of thunderstorm activity
with other parameters.
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Dr. Fuchs--If the whistlers are in any way connected with lightning discharges, it is naturally
possible that if flashes generate clicks (produced in the channel) and whirlers (prvduced by the
tail) at the same time, both are heard if both have neairly the same amplitude. This will bp the case

r- if the distance of the thunderstorm is not too great.

Due to attenuation of signals from distant flashes and due to the short duration of the click, it
may not be heard, whereas the whistle, due to its longer duration, may have an integrated effect on
the ear and may be heard, even without an amplifier in a long wire.

I remember that I observed some whistlers preceded by a click at Sonnblick Observatory.
But due to the small number of these cases, I was not led to think about pc : sible connections. I
believe now that these cases belong to flashes of medium distance. Therefore, I agree with Dr.
Wormell.

Dr. Norinder--In studying the problem of whistlers and atmo!pherics, I zecommend setting
up of two or three stations at c rnvenient distances of separation to make , multaneous records of
the electromagnetic variations, as for example the electric field components produced by the light-
ning strokes. Such simultaneous records have been obtained at two stations in Sweden separated by
a distance of 570 km. Simultaneous records have been taken from lightning strokes occurring
either in Sweden or in other parts of Europe. Theoretical calculations must be cnsidered only as
a guide. The real variations of the atmospherics themselves are too complicated to be fully explained
by theory at present [see Norinder, The waveform of the electric held in atmospherics recorded by
two distant stations, Ariiv f6r Geofysik, Kungl. Vetenskaprakademien, Stockholm, 1954].

Mr. Reynolds - - T wish to mention that Dr. Newman has proposed a sferics network which will
include stations at our Institute in Socorro, his Institite in Minneapolis, and at the University of
Florida. We hope to make the measurements suggested.

There is another suggestion about whistlers. Dr. Newman has suggested to me that they may
be due to variations in Lhe velocity of the leader stroke. There are marked variations in the dis-
charges from negative charge centers to ground, possibly enough to account for the whistler.

Dr. Holzer--I was very much interested in Dr. Fuchs history of the work on whistlers in Austria.
I intetnded in the morning paper to report very briefly on some correlations which we have obtained
within the past few months. Mr. Oliver Deal who is working in my laboratory has been measuring
natural electromagnetic signals in the frequency range between approximately 50 and 100 cycles per
second.

During March, Mr. Deal measured the mean intensity of electromagnetic fluctuations and found
that the mean electric vector is of the order of 10- 4 volts/meter. He also found that there was a
mean diurnal variation over a period of 16 days which rather closely paralleled the potential gra-
dient measurements at sea. The principal maxima in the diurnal curves occurred at 16h and 20h
GCT which was very close to the time of the principal maxima of the potential gradient at sea.

We are very well aware of the dnger of drawing generalizations from 16 days of measurement,
aad I am not presenting this as final proof of a correlation between these observations and the gra-
dient However, Mr. Deal, in collaboration . h Dr. Liebermann of the Scripps Institution of Ocean-
igraphy has shown these electromagnetic variations are, in large part, due to sferics, and prelimi-
nary calculation has indicated that these low frequency signals could arrive from Africa and South
America with integrated intensities proportional to total thunderstorm activity if the Jttenuation
were sufficiently low. The possibility that such measurements might ultimately proNde an index
of world thunderstorm activity makes further study in this direction important.

I would be particularly interested in comments by Mr. Maple who is here from the Naval Ord-
nance Laboratory and who has been working in this field for some time. I believe he presented
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some information to the American Geophysical Union in the early part of this month, and I would
like to know whether he has any further evidence on this problem.

Mr. Maple -- Our measurements agree with those reported by Dr. Holzer in that the magnetic
fluctuations at these frequencies around 100 cps z re connected with sfei ics. We, however, obtain
a maximum at local midnight at these frequencies, although this night maximum is much less pro-
nounced at 100 cps ".an at the higher frequencies. Simultaneous measurements in Florida and
Alaska indicate that the attenuation with distance is considerably less at 100 cps than at higher
frequencies. What was the local time of your maxima?

Dr. Holzer--The maxima at 16h and 20h GCT correspond to 08h and 12A local time, respec-
tively.

Dr. Wormell--The 'slow tail' of an atmospheric wave form with predominant frequencies of
the order of a few hundred cycles per second is propagated with very low attenuation and at dis-
tances of several thousand kilumeters frequently exceeds in amplitude the higher frequency por-
tion in the earlier part of the wave form.

Dr. Chalmers--Any other points on the first two sections of Dr. Fuchs' papers on whistlers
and grinders? Now we will come to the second section of Dr. Fuchs' paper, measurements in
storms. Dr. Chapm, -, you have something on that?

Dr. Chapman--Electrical effects generally are observed at the ground by both generating
voltmeters and corona points when substantial precipitation processes are occurring in the cloud,
wnether or not rain is observed at the station. On occasions, however, very light precipitation or
drizzle can occur at the station without electrical effects.

Dr. Chalmers--We now come to Dr. Norinder's paper.

Dr. Weickmann--I would like to make one comment. I am a little afraid yLvu are not measuring
only the charge of friction of snow against snow, but other charges.

Dr. Norinder--We have done some experiments in which we coated the tube with ice. When

snow was blown against the snow block, we obtained considerable charge on the snow block.

Mr. Cotton--We have observed the same thing.

Dr. Wormell--It is really the same question, but I have also wondered how conclusively we
know that blowing snow proilces charges by the collision of the snow flakes with one another.
Does Dr. Norinder consider that "iis coating the tube with ice shows conclusively that snow in th
free air can be nharged by collision and that the solid ground is irrelevant.

Dr. Norinder--In 1920, I performed an experiment in which snow from two tubes was blown
together. A tremendous charge was generated in this way, but I was afraid to publish the data be-
cause I was not sure about the intricate affair.

Dr. Chalmers--In my original announcement about today's program, I mentioned that there
would be a short discussion of the MKS system. With you- permission, I would like to introduce
the subject.

The first point I would like to make is the MKS system has been officially recognized as the
right system to use, and those who don't use it art going against the officially recognized system.
Apart from that, atmospheric elkctricity is one branch of physics in which the MKS system is
particularly appropriate, as we have both electrostatic and current electricity formulas. As an
example, the apparent curren' due to induced charge change may be calculated by both the MKS
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System and the older methods for a field change of 200 V/in in one second. The MKS System re-
quires just the memory of Co while four separate acts of memory are required for the older system.
I think this is a very good argument for the MKS systems. What are your opinions?

Dr. Holzer--We have been usipg MKS units for about a year. I think the strong arguments in
any chiice of units hinge on convenience and interr.ational agreement. In view of the international
agreement, I think we should follow the practice of using the MKS system. The MKS system is
certainly more convenient than the mixed systems used by some workers in the field.

Dr. Norinder--In Sweden we adopted the MKS system in the technical universities two years
ago, and it has worked out very well. Now it is used in universities and also in technical schools.
All text books now published employ the MKS system.

Dr. Chalmers--Any objections?

Dr. Parkinson--I think every'-me uses volts per meter rather than electrostatic units per meter,
but that is the only place I can see in atmospheric electricity where it is necessary to depart from
the electrostatic system. The reason is that this is the only place where atmospheric electrical
measurements touch the field of magnetism at all. Using the electrostatic system, of course, has
a disadvantage, in speaking to other physicists working with the MKS system. Also there may be
some confusion in units which is a very strong argument, but I think this is one field where the
electrostatic system is ideal to use.

Dr. Chapman--The choice of system of units is largely a matter of convenience. Everyone has
his own opinion. I have used the MKS system for about ten years, and I have found it the simplest
to use. One point is worth noting, a matter of the ease of converting equations written in thc MKS
system to equations in the Gaus'-an or electrostatic systems. I hope this group will agree that the
MKS system has advantages.

Dr. Fuchs--I should like to call your attention to the fact that in 1950 the MKS system became
the legal system in Austria. I served as a member of the committee to study the law. For four
years the advantages and disadvantages of the system were discussed. No significant disadvantages
could be found and the law was passed.

Dr. Chalmers--We now come to Dr. Nolan's papers.

Dr. Pluvinage--Does Dr. Nolan think that the assumption of condensation nuclei being made of
dielectric substance is reasor.-ble? If so, this would introduce a new parameter, the dic,-ctric
constant, in Bricard's theory. Then the agreement with the experiment could be restored. I add
that the relation of Boltzmann's law with Bricard's theory ought to be made clear.

Dr. Nolan- -It is possible that Bricard's numbers would be improved by bringing in the dielectric
constant of the water rather than treating water as a conductor.

Mrs. Sagalyn--There is a question about the calibration of the photoelectric nucleus counter.
What is tne accuracy?

Dr. Nolan--I consider it very low, 15 to 25 pct, but the measurement of the concentration ratio
N is much more accurate. The determinations of Z/N o and of P the diffusion coefficient) dedend on

the ratio and are reliable. The determination of the coagulation coefficient, however, depends on
the absolute calibration.

The absolute accuracy of the photo-electric counter is not as high as the absolute calibration
depends on the Aitken counter. For relative measurements such as Z/N o and Zw/Z the accuracy
is much higher.
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The multiple charges on nuclei are inferred from the relation between Z/N o and the radius.
Direct measurements indicate that the ordinary atmospheric ions carry between one and two elec-
tronic charges per ion.

Dr. Schilling--Was it possible from your experiments to determine whether or not atmospheric
nuclei were multiply charged? To be more specific, coul'i you infer under what conditions atmos-
pheric nuclei possess a double charge?

Dr. Nolan--The experimental Z/N, radius curve departs from the theoretical single-charge
Whipple -Harper relation at about 4 x 10-6 cm radius. This departure is interpreted as evidence
of double charging. Under equilibrium conditions, multiple charging depends on the radius of the

Y. nucleus.

Radii for 2-, 3-, 4-, 5-fold charging using the Boltzmann distribution law are given in the paper.

Mr. Barkhe--Possibly out of balance positive or negative space charge might be associated
with multiple changing.

Dr. Hogg- -Determination of the average charge on large ions by parallel observations with a
nucleus couiner for charged nuclei and with an ion counter for large ions showed that on the average
the large ions carried unit cLharge except for quite low concentrations of ions when multiple charges
were cbserved.

Mr. Barklie--I ha,e a simple and direct question which may help Dr. Nolan. Does Dr. Nolan
thim. it is worth while to use the Nolan type nucleus counter at a series oi different over-pressures;
and if so did you calibrate in this way?

Dr. Nolan--We did calibrate at four over-pressures.
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THEORIES OF THUNDERSTORM ELECTRIFICATION--SOME GENERAL CONSIDERATIONS

T. W. Wormell

Cavendish Laboratory
University of Cambridge, Cambridge, England

Abstract--The paper will consider certain conditions which a successful theory of
charge generation in thunderclouds must satisfy and will then attempt briefly to assess
the adequacy of various processes which have been suggested. The importance of elec-
trical 'influence' mechanisms will be emphasized, not merely in terms of the original
Wilson theory, but more particularly with regard to their effects in modifying or limiting
the results of other mechanisms.

Introduction--Progress towards an acceptable theory of thunderstorm electrification has been
disappointingly slow over the past twenty years or more. There was a period when the choice
seemed to lie between two possibilities, namely, first, a charging of the larger precipitation parti-
cles by some form of 'influence' mechanism which acts in such a manner that the vertical separa-
tion, by fall under gravity, of the larger and smaller particles causes an intensification of any pre-
existing electric field; the sign of the field thus built up would depend entirely on the sign of the
electric field initially present. Theories of this type derive from ELSTER and GEITEL [1913]; the
picture -%as considerably modified and made more acceptable in the form of a selective capture of
ions of one sign by the larger particles, by WILSON [ 1929]. The alternative picture postulated the
existence of a vigorous process of separation of charges in the developing thunderstorm which was
spontaneous in the sense that it did not depend on the initial existence of a large-scale electric
field. Simpson [SIMPSON and SCRASE, 1937] has advocated the view that, at different le,,els in
the cloud, the important processes are the violent rupture of water drops and the friction, or frac-
ture in violent collisions, of ice crystals.

Of recent years various other possibilities have been discussed and, in particular, following
the pioneer work of FINDEISEN [1940, 1943], the electrical effects associated with the release of
small ice splinters during the growth of ice particles, especially by the process of riming, have
been discussed in some detail.

We are still very far however from a position where it has been demonstrated that any known
single process can produce, qualitatively and quantitatively, the charge distribution which is known
to occur in a cumulo-nimbus cloud. 2n the other hand there are several processes which we do
not know can be completely neglected. It remains a possibility, of course, that several independent
mechanism.- play a significant role but it seems somewhat unlikely that the electrical Effects which
appear in so much greater intensity in cumulo-nimbus than in frontal rain are to be ascribed to
several independent processes of nearly equal importance.

Conditions to be satisfied--A satisfactory theory of thunderstorm electrification must fit,
meteorologically, into the scale in time and space of a cumulo-nimbus cell. The active stage, dur-
ing which the really violent electrical effects first appear, is comparatively short, o1 the order
say of 30 minutes, but is normally preceded by a longer-lived and romparatively quiescent cumulus
stage, and it is perhaps unsafe to assume that no important electrical changes occur during tis
period.

The typical thundercloud extends far beyond the freezing level and contains much ice in its
higher levels, and it is usually considered reasonable to examine mechanisms for which the pres-
ence of ice ,s essential. It is a point of much interest and importance, therefore, to know the na-
tre and intensity.of the electrical effects associated with showers from warm clouds, which are
known to contain no ice, and in particular whether lightning can ever occur under such circumstances.
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Certain investigations by SMITH [19511 suggest that the occurrence of fairly heavy rain without prc-
nounced electrical effects affords a method of identifying occasions of rain from 'non-freezing'
clouds, which is an uncommon phenomenon in England.

While the electrical structure of a thundercloud, when examined in detail at close quarters
may present an appearance of overwhelming complexity [GUNN, .950], methods of observation
which smooth out the local irregularities have disclosed a systematic and in some ways remarkably
simple behavior. Thus, for example, a record of the electric field, and the field-changes due to
lightning discharges, taken at say 20 km from the storm, will not infrequently show a series of
nearly equal field-chwges, at regular intervals of the order of perhaps 10 to 15 sec, the whole
record suggesting something of the nature of a relaxation oscillator. The electric moment of the
charge distribution destroyed by a typical lightning discharge (that is, 2qh where q is the charge
neutralized or removed to Earth by the flash and h is the difference in the mean heights of the two
charges neutralized in a cloud discharge or the height of the single charge removed to Earth) is
of the order of 100 coulomb kin. The initial rate of recovery of the electric moment after a dis-
charge is on the a'erage about 1/7 sec-1; this appears to demand the presence in the electrically
active volume of the thunderstorm cell of positive and negative charges of the order of 1000 con-
lombs: those of one sign (actually the negative sign) being carried on precipitation particles while
the opposite charge is carried in the same volume by particles whose velocity of fall under gravity
is much smaller [WORMELL, 19531.

Statistical studies of field-change records [WORMELL, 1953] and observations with sounding
balloons [SIMPSON end SCRASE, 1937; SIMPSON and ROBINSON, 1941] have established that the
main electrical structure of a thundercloud is bipolar and normally of positive polarity, that is, the
mean height of the main positive charge exceeds that of the negative charge. The Kew observations
also showed that not infrequently there is also a smaller positive charg- low down and near the base
of an active thundercloud. Simpson and Robinson summed up their obst.-vations by stating that a
typical structure consisted of an upper charge of +24 coulombs centered at a level where the tem-
perature is about -300C, a negative charge of -20 coulombs centered at about -8°C and a lower
positive charge of +4 coulombs centered near the 0C level or at rather higher temperatures.
Rather similar results have been found by Y-UETTNER [19501 in observations on the Zugspitze;
he claimed that on the a,:?rage the lower positive charge was centered exactly at 0CC.

Our knowledge is still very incomplete concerning the detailed manner in whi. h the electrical
structure ~-ries during the life-cycle of a cumulo-nimbus cell. Again, while it seems to be well
established that the main structure of the great majority of clouds is one of positive polarity, can
we say with certainty that storms of the reverse polarity never occur? The sequence of phenomena

jobserved at a .3ngle observing station does occasionally suggest a cloud of negative polarity but
such observations are of course inconclusive.

m The problem of the main charges--The small and very localized lower positive charge will not
be discussed in any detaii; it may well be a secondary phenomenon.

When we turn to the main bipolar structure it is clear that, as far as any theory of a frictional
type is concerned, data are lacking for any sort of quantitative check even if it be shown that, qual-
itatively, charges of the correct sign can be pr-xhiuced. Let us consider for a moment the influence
theory. The simple picture, as painted by WIlLSON [1929], has to face two main difficulties; first,
the process appears too shkw unless additional sources of ionization appear at some stage in the
development of the field, ,econdly, the selective capture of ions of one sign by precipitation elements
ceases when the field becomes so strong that the velocity of ions in the field exceeds the rate of fall
of the precipitation particles. In the case of small ions the critical field is thus of the order of a
few hundred volts per centimeter. For the development, by this mEchanism, of fields sufficiently
intense for the occurrence of lightning a plentiful supply of large ions, bit very few small ions,
would seem to be a necessity in the later stages. while earlier, in order that the selective charging
may proceed at a reasonable rate, small ions would seem to be a necessity. It is not easy to see in
detail how these conditions can be met. This is not to say, however, that the process can be forgotten
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altogether; it will always be at --" k modifying the charges on the particles, modifying the effects
of other possible processes and possibly pi oducing secondary charge distributions as a result of
the field due to the primary process, whatever that may be.

Consider, for a moment, the effects of the process. The equations have recently been sum-
marized by WORMELL [1953]. We may, however, state them in a slightly different way, in language
familiar in cloud physics by .i "ng the collection efficiencies of a precipitation particle for ions
under different conditions. It is necessary first to specify precisely what we mean by this term;
in an electrical field the ions may be moving with velocities comparable with that of the falling pre-
cipitation particle. I propose to define two quantities for a spherical precipitation particle of radius
a in a large scale vertical el-ctric fielo X. The 'collection efficiency' E for ions will be defined as
the ratio of the number of ions captured by Te particle per second to the number which cross, in
one second, a horizontal surface of area ira which is moving downwards with a velocity V equal to
the fall velocity of the particle. From another point of view we should be more interested in what
may be caliled the 'electrical efficiency' E' defined as the ratio of the number of ions caught per
second by the particle to the number crossing, per second, a stationary ho-izontal area 'ra 2 which
is remote from the particle; alternatively, the electrical efficiency is simply the ratio of the rate
of increase of the charge '-i the particle to the vertical current through an area ?ra 2 . Values of
these two quantities, which may of course be deduced at once from the equations of WHIPPLE and
CAM$IERS [1944], are given for a few particular cases in Table 1.

Table 1--Collection efficiencies E and electrical efficiencies E' for capture of ions by spherical
conducting particles of radius a and velocity of fall V; Q is the charge on the particle,

w ionic mobility, X vertical electric field (assumed directed downwards);
E and E' are defined in the text

Case Condition Ion charge E E'

I Q positive Negative 4wQ O
a 2 V

X zero Positive 0 0

H1 Q zero Negative 3 3! + V/wX

Positive: V>wX 0 0

Positive: V<wX 3 3
1 - V/wX

Ill -3Xa2< +3Xa 2  Negative 3(1 + Q/3Xa2) 2  3(1 + Q/3Xa2) 2

1 + V/wX

Positive: V>wX, Q>0 0 0

Q<0 41QI/Xa 2  41QI/Xa2

V/wx - I

V<wX 3(1 - Q/3Xa2)
2

V~wx 3(1 - Q/3Xa2)2

1 - V/wx

The eauations to which the formulas of Table I are equivalen* were deduced in the first place
for the case of viscou- flow around the particle the motion of the io,, relative to the air being at
each point aimply the product of the ionic mobility and the louad field which itself is the vector re-
suitant of the large-scale vertical field X and the field due to the charge and the polarization of the
particle. They neglect the small effect due to the influence of the ionic charge on the polarization
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of the p, licle when the lon is very close to the particle'n surface. The equations are probably
reasonable approximations when the parttcle is as large as a raindrop or graupel pellet.

The essential feature of these results is that, if the large-scale field is directed downwards,
and if the fall velocity of the particle V>wX, where w = ionic mobility and X = vertical field, an
uncharged particle captures only negative ions and its final equilibrium charf ,s negative. This
equilibrium charge is independent of the number of positive ions in the space surrounaing the par-
ticle which may be much more numerous than the negative ions. On the other hand, if V<wX, the
sign of the equilibrium charge depends on the relative numbers of positive and negative ions. If
any process is giving negative cha:ge to t e particles, and there exists a downward vertical field
X (which may have been largely produced by the fall of the negtive particles), then, within certain
limits, the negative charge on the particles is stable; it is not neutralized by the correspondinL
positive charge which may be present in the form of ions in the space surrounding the partLcles.

In a cumulo-nimbus cloud the rcle of the 'ions' may be played by charged small cloud particles
or ice-splinters. There are now two complications; these 'ions' possess inertia and secondly they
are of finite size and are themselves polarized in the electric field and the force between them and
the larger particles thereby modified. Both these effects alter the collection efficiencies and their
computation becomes very complicated. PAUTHENIER and COCHET [1953] have published calcula-
Lions for some particular cases and have snown, in particular, that the collection efficiency of a
charged water drop for cloud particles, even vwhen the latter are uncharged, is greatly enhanced by
the electrical forces for certain ranges of size. Such effects way be important when the consider-
ing the growth of precipitation particles as well as when the main interest lies with electrical
effects.

In order to clarify the po-nt which it is desired to make let us consider a particular process,
the growth o' a pellet of ice by riming, that is, by the collision with and capture of supercooled
water droplets. Various writers, for example KITETTNFR [1950], have urged the importance of
this process in the physics and electrification of thunderstorms; MASON [1953] has attempted to
develop a quantitative picture. There is an immediate and initial difficulty in that the results of
various laboratory Investigations of this process are inconclusive and contradictory. It is clear
that it is very difficult to avoId spurious effects and the results may be very sensitive to small
changes in physical conditions and to traces of impurity. Let us assume in the first place that
riming in itself gives no charge to the growing ice pellet. If, however, there exists a vertical
electric field (which for defltiteness will be assumed to be directed downwards) the situation is
profoundly changed; the ice pellet is polarized, its lower part carrying a posiive polarization
charge. When supercooled water droplets strike the lower surface of -he ice particle, and freeze
on it, some of the water may escape, in some conditions as liquid water, In other conditions as
small ice spliaters. If this escape occurs at the lower surface of the ice pellet, then by simple
electrostatics the escaping fragments will be positively charged and the ice pellet will be left with
a net negative charge. Subsequent separation under gravity of growing ice particles and 'fragments'
will erhance the vertical field with which we started. This Is, of course, simply a slightly modified
version of the E.RTER and GEITEL [19131 theory. If must also be pointed out that if under certain
conditions the ice particle acquires a surface skin of water and sheds water, as it falls, mainly
from its upper surface, the charging is in the reverse direction and the final effect is to destroy,
in this region of the cloud the vertical field with , hich we started.

Let us now suppose that riming in itself, (that is, in the absence of an eAternal field) does give
a charge to the growing particle. If an externil field is present, then the spontaneous charging
effect will be simply superposed on the electrostatic effects which ha, a been discussed. These ma"
profoundly modify and even conceivable i everbe the sign of the charging obsvrved In the absence of
a field. Both FINDEISEN [19401 and LUEDER [1951ab] clair- .d to have observed the controlling
effect of an electric field during riming.

A further point must be considered. If gr-apel pc!! .. s are growing and becoming negatively
charged, then an equal positive charge mus . be a,,earmg in the air around them, this Charge being
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carried either (,.i cloud particles, on ice splinters or remaining as free positive ions. In te pres-
ence of a downwa d-directed field .iy positive ions would be rapidly attached to cloud particles if
such ,re present with fall velocities lEss tlian the velocity with which the ions are being driven
aownward by the field. If no particles are present with such smafl veiccitics of fall the ions will
remain free. Fresh graupel paricies which fall into this region are thus falling through a cloud
many or the particles of which are positively charged. In the absence of an external field any neg-
ative charge on the larger particles would to a large degree be rapidly lost by the capture of pos-
itively charged cloud particles. In the presence of a vertical field, however, the Wilson selective
capture process prevents this and permits the graupel pellets to acquire and to retain a definite
negative charge.

Similar considerations will apply in discussing any other charging process in the thundercloud.
In attempting to estimate from the results of laboratory experiments the large-scale effects to be
anticipated in a cloud, it is essential to take into consideration the effects of the polarization charges
on the particles and the effects of the field in promoting selective capture of ions of one sign. Neg-
lect of these will lead to results which are almost meaningless. The actual carrying through in
detail of such a calculation is a matter of great complexity and demands numerous assumptions or
an extremely detailed knowledge of the number and nature of the various particles and ions present
in the cloud.
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THUNDERSTORM CHARGE STRUCTURE AND SUGGESTED
ELECTRIFICATION MECHANISMS

S. E. Reynolds

Research and Development Division
New Mexico Institute of Mining and Tecbnoiogy

Campus Station, Socorro, New Mexico

Abstract--Tte Workman-Holzer technique for determining the sign, magr~tude, and
location of charge centers in thunderstorms has been improved and applied to ,Lorms oc-
curring in New Mexico during the summer of 1952. The technique and the results obtained
are described. The study revealed that the temperature of the environment of the negative
charge centers may vary from about 00C to about -33C and that the corresponding posi-
tive charge center is u tially found about 2000 ft above the negative center. The probable
charge separation meLhanisms are discussed in the light of the charge configuration and
the physical environment deduced from this study. Laboratory experiments which demon-
strate charge separation mechanisms which can be effective in this environment are dis-
cussed.

Introduction---The objective of research being done at the New Mexico Institute of Mining and
Te "hnology under U. S. Army Signal Ccrps sponsorship is to describe the physical processes lead-
in., to thunderstorm electrification. Knowledge of the environment in which thunderstorm charge
ceiiters occur is of crucial importance In studying the validity of any postulated charge-separation
mf chanism.

Technique--WORKMAN, HOLZER, and PELSOR [19421 developed a technique for locating the
charge centers in active thunderstorms. The technique consists essential'y of measuring, at a
number of positions on the ground, the potential-gradient change accompanying lightning discharges.
The theory of this method can best be explained by reference to Figure 1. E is the gradient change
.t the point x1, Yi when the dipole Q+, Q- is discharged by a lightning stroke. If we assume the
surface of the Earth to be an infinite conducting plane, it is clear that in the case of the discharge
of a dipole we have seven unknowns; the space coordinates of the negative center (x, y, and z with
minus subscripts), the space coordinates of the positive center (x. y, and z with plus subscripts),
and the magnitude of the charge Q. The magnitudes of the positive and negative charges are equal
in the case of a dipole. Thus, if the gradient change can be measured at seven points on a plane,
seven independent equations involing the seven unknowns can be written in the form shown. It can
be shown similarly that only four measurements are required in the case of a single center dis-
charging to ground.

Using the above theory, Workman, Holzer, and Pelsor conducted a study with a network of
eight instruments at an altitude of R300 ft near Albuquerque, New Mexico. The results of the study
were published, but unfortunately the report received only limited circulation because of military
classification.

The 1942 study was repeated in the summer of 1952 with the principal advantages of an improved
potential-gradient recorder designed by Dr. Workman and at a higher elevation (7000 ft) for the in-
strument network.

The basic elements of the potential-gradient recorder are an expu.ed antenna plate, a shield-
ing mechanism, and a recording vacuum-tube voltmeter. The plate current of the electrometer is

; indicated bv the galvanometer and is recorded on 16-mm film which travels approximately one-half
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inch per second over a 0.001-inch slit. The
plate current is proportional to the electrostatic
charge induced on the antenna. The time resolu-
tion of the instrument (about 0.01 sec) is limited,

,4 of course, by the natural period of the galvanom-
eter, the film speed, and the slit width. Figure

, 2 shows the instrument schematically.
, :Eleven of the instruments were distributed

.. - ..-- over an area of about 30 sq mi. All the instru-
.. ments were connected to the central control sta-~tion with field telephone wire strung on the ground.

This connection, through appropriate relays at

x, x. x+ the instruments, permitted starting and stopping
-I all tstruments from the central control point.

THE NORMAL POTENTIAL GRADIENT It also provided for automatic simultaneous op-
CHANGE AT X1 ,71 is, eration of all antenna shields every ten seconds,

as well as for occasional simultaneous operat.on

2 E Z_ to provide 'intelligence' signals required in co-
.- Y.- e + Z _ -3/2i ordination of the records. The instruments were

calibrated against a generating-type potential

gradient recorder.
20+ Z+

[(X+-x, )+ (Y+-Y,)'+Z] I%

Fig. 1--Sketch showing significance
of terms used

ANTENNA ANTENNA SHIELD
Since it is impractical to attempt to solve/SPRING

analytically seven nonlinear, simultaneous DRIP HOLE
equations, the analysis of the data obtained
presented a problem of considerable magni- - INSULATED
tude. Workman, Hoizer, and Pelsor used a ANTENNA SUPPORT
mechanical analogue to analyze data from lWITH EATER

their network. The data from die more VX-41 '-ANTENNA SHIELD
+1 ACTUAT ING

recent study were analyzed by a trial-and- m - SOLENOID
error technique based on tabulated caicu- 0. t5
lations. I 2 SINGLE LINE

GALVANOMETER I FILAMENT LAMP
ELE';TRO-TECH I,=.. . . . . -"-. . .

Results--.The instrument network was ELB TYPE D -,-- -
operated during 18 storms on 16 days, but a T - THREE- PLANE

large number of data was obtained from only MIRROR
two of these storms. It was possible to lo-
cate the centers involved in a total of 40 ' I 00 .f "SLITlightning stroke elements.

The results of the study are summar- ,. 6mmC ,
ized by Figure 3. The mean height for ------- ---.M
negative centers involved in intracloud dis-
charges is 24,000 ft msl. The temperature Fig. 2--Schematic diagram of the instrument
at this height is about -160 C. The negative
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centers may occur at temperatures as cold as

o-MEAN LOCATION INTRA-CLOUD CISCHARGES -33°C or as warm as -I°C. The corresponding
45- positive charge centers are always closely as-

O-LMING OCA IN A CASESA sociated, being on the average about 2000 ft
above (or 4C colder than) the negative center.

O"40I- -500 J The horizontal separation (not indicated in Fig.
-46o 3) between centers was usually about one-half
-42D as great as the vertical separation. While

-J 35- Workman, Holzer, and Pelson found generally
-370 greater horizontal separations, the vertical

I - - 330 - separation and the temperature environment
0 8o -2 , found for the charge centers in this more re-

o 
3 

~cent study are in excellent agreement with
V.- a)23 °  their findings.
-25 -: '°

- 13° W The occurrence of a lower positive charge
!+ + _ 9 center, near the OC isotherm and in the region

2,t- of heaviest precipitation, was indicated by the
20 -"6+ role of these centers in the initiation of dis-

- 30 charges to ground, and by the existence of high
" ----------- --- 0 °positive fields at the surface near such regions.
15 tLOUD _VoThe earlier study gave no evidence for the

hj BASE existence of such centers. This difference in
the results of the two studies may be attribut-

-0 able to the fact that the instrument network was
1700 ft higher in the second study and there-

- TERRAIN 7- 7FiU,77. W fore provided better resolution.

Charge separation mechanisms--Perhaps
the most significant feature revealed by the

0study is the wide range of temperatures at
which the charge centers may occur. U a single

Fig. 3--Results of study mechanism is to account for thunderstorm charge
separation it must indeed be a versatile one.

A few years ago we discovered m electrical phenomenon that might be the cause of thunder-
storm electrification [WORKMAN and REYNOLD3, 1950]. We found that as dilute aqueous solutions
are frozen, potential differences of as much as 250 volts arise between the solid and liquid phases.
We also found that a large amount of charge (several hundred thousand esuy ._ of water frozen) is
separated during the freezing process. The sign and magnitude of the potential difference and the
amount of charge separated are dependent upon the kind and amount of material in solution in the
water.

We examined the precipitation forms taken from an active thunderstorm cell and concluded
that if glaze ice were being formed on precipitation particles and liquid water were being shed from
the particles in the course of their fall, a charge dipole having its negative center oriented down-
ward would be developed in the cloud above the 0°C isotherm.

We have made more recently a theoretical study of the formation of glaze ice on precipitation
paiiezles as a function of elapsed time and cloud temperature, liquid water content and updraft
velocity [REYNOLDS, 1953]. This study suggests that the formation of glaze ice cannot be expected
to proceed in New Mexico thunderstorms at temperatures much colder than about -10°C. The re-
lationship of the various factors is illustrated by Figure 4. The dotted line shows the representa-
tive maximum theoretical liquid-water content for New Mexico thunderclouds. Coordinates to the
left of the line are critical for the for.nation of glaze ice on predpitation particles. An updraft of
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1500 ft/min is considered representative for
New Mexico clouds. It should be noted that ' ' '
even though the liquid-water content is as 2500
great as the theoretical maximum, and the -16
up-draft velocity is as great as 2500 ft/min,
glaze ice will not be formed at temperatures
lower than -16'C. 2000

It must be concluded, if the results of
the theoretical study are accepted, that the
potential differences which accompany the 1500
freezing of dilute aqueous solutions cannot a
account for charge centers which occur fre- /
quently at temperatures lower than -20 0 C.
For this reason laboratory experiments de--8
signed to determine whether electrical effects a:
might accompany the growth of precipitation
particles by processes not involving glaze ice /
were undertaken. Wa.

The device shown in Figure 5 was con-
structed to study the electrical effects that
might be associated with the formation of
rime ice. When the riming element is op-
erated in a supercooled cloud at peripheral 00_
speeds of 25 ft/sec, or about the maximum 0 2 L . . / 6
speed of fall for raindrops, a rime ice for- g
mation such as that shown is formed. The Fig. 4--Relationship of temperature to
thin rod which dips into the pool of mer- liquid water content required to
cury makes electrical contact with the rim- produce 'wet' hailstones at given
ing element at a point inside the grounded updraft velocity
shield. The mercury pool is connected to a
recording electrometer.

When the rimer is operated in a cloud composed entirely of supercooled droplets, or a cloud
composed entirely of ice crystals, negligible charging effects are observed. However, when the
rimer is operated in a cloud consisting of supercooled droplets and ice crystals in coexistence,
a large amount of charge (approximately 1 esu/sec) is separated. In general the sign of the charge
on the rimer is positive when the crystals are numerous in relation to the droplets, and negative
when the reverse situation obtains.

On the basis of some secondary experiments, I suggested at the Santa Barbara meeting of the
American Meteorological Society in 1953, that the observed charging effects were attributable to
the acquisition of positive charge by the ice crystals as they grew by sublimation. The effects of
these secondary experiments were found to be irrelevant or spurious and this interpretation was
abandoned.

The riming element is, of course, analogous to a graupel particle growing by the accretion of
cloud droplets. Such a particle will have a high fall velocity relative to ice crystals and cloud
droplets. From what has been said abcut the charge configuration in thunderstorms it is obvious
that these particles of high fall velocity must acquire negative charge to account for thunderstorm
electrification.

The acquisition of negative charge by the riming element apparently is associated with the
accretion of relatively large amounts of supercooled liquid water. In these circumstances the
temperature of the growing rimt 3 ice will be greater than that of the ambient cloud and growing

V
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Fig. 5--Instrument for the study of electrical effects associated
with the formation of rime

crystals, because of the acquired latent heat of the accreted droplets. To test whether a tempera-
ture difference between the rime formation and the cloud might control the sign of the charge ac-
quired, a Westinghouse 250-watt Heat-Ray lamp was arranged so that it could heat the rotating
rimer by illuminating it from a distance of about one foot. When the cloud conditions were adjusted
for strong positive charging of the riming element, and the rimer was thus heated, strong negative
charging promptly resulted.

It was also found that whcn contaminants which serve as condensation nuclei (for example,
sodium chloride smoke) were introduced into the cloud in quantities sufficieat to give a concentra-
tion of about 10

-4 molal in the rime collected, the sign of the charge on the rimer was negative,
regardless of the relative amounts of water droplets and ice crystals in the cloud. It should be
pointed out that the impurAies in the cloud result 'n the contaminriaticn of the rime formation, whereas
the crystals floating in the cloud remain quite clean. The smoke particle-- provide condensation
nuclei upon which the cloud droplets form. The rime ice grows principaily by the accretion of the

_..2 contaminated droplets, whereas the crystals grow directly from water vapor.

Hypothesizing that charge is acquired by the rime as a result of rubbing contact between the
rime and the growing ice crystals in the cloud, Marx Brook and I designed experiments to test
whether charge separation resulted from the rubbini, of one ice surface upon another. Encourage-
ment for experimentation of this sort was gained froca a paper by HENRY [1953], in whch it was
suggested that a tempera.ure difference between simil.,r surfaces might cause charge -eparation
when they are rubbed together.

........... . . . . ...
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Two nickel-plated copper rods were chilled and then dipped into a graduate containing distilled
water to form a film of ice about one mm in thickness on the rods. One of the rods was connected
to a tube electrometer and the other rod was connected to ground. It was found that if one of the
rods was maintained at a temperature 2°C or more, warmerthan the other rod, the warm rod always
acquired negative charge upon rubbing.

7L

It was also found that if the ice surfaces on both of the rods were formed from a 1 0 -4 molal
solution of sodium chloride, no charge separation accompanied rubbing contact, regardless of the
temperature difference between the formations. However, if one of the ice formations was formed
from such a solution and the other was formed from distilled water, the rod having the contaminated
ice became negatively charged even when its temperature was as much as 8°C colder than the un-
contaminated rod. Cesium fluoride and lithium chloride also were used as contaminants in the
same concentrations, and produced exactly similar effects on the frictional charging. It is possible
to offer a tentative explanation of t! physical phenomenon which determines the sign of the charge
separated during rubbing contact between two ice surfaces. Time does not permit a presentation
of all the details. Briefly, however, the sign of the charge separated seems to depend upon the
relative mobility of the protons in the two ice formations.

Summary--The experiments involving the rubbing together of two ice formations strongly sup-
port the hypothesis that the charge acquired by a growing rime-ice formation results from frictional
contact with the ice crystals in the cloud. The effect of temperature difference and the effect of con-
tamination in these experiments is completely consistent wit: the effects of these variables in the
riming experiments.

The mechanism being studied appears to be quite applicable to thunderstorm electrification.
In order to account for the observed thunderstorm polarity the precipitation particles having the
highest fall velocity must acquire negative charge. Using the equations of LUDLAM [1950], one
can show that a four-mm graupel particle, falling through a cloud (fall velocity about 30 ft/sec)
having a liquid-water content of only one gr/m 3 and a temperature of -200 C, will achieve a tem- V
perature about 2.50C warmer than the cloud temperature. (The value of one gr/m 3 is low, and
this value may be expected to be as high as 3.5 gr/m 3 in New Mexico thunderclouds.) Ice crystals
growing by sublimation in such a cloud will be only about 0.50C warmer than the cloud. Further-
more, the graupel particle will be composed principally of accreted droplets which have been con-
taminated by their condensation nuclei, and will, therefore, be composed of an ice which is much
more contaminated than the crystals which have grown directly from vapor. Thus both of the
variables (that is, temperature and contamination differences) which control the sign of frictional
charge separation act to cause the particles of high fall velocity to become negatively charged. An
important consideration in determining whether the frictional effect can account for thunderstorm
electrification is the amount of charge separated per graupel-crystal collision. A preliminary
measurement of the charge per collision, when crystals of about 100 micron diameter and a four-
mm riming sphere are involved, yielded a value of 5 x 10- 4 esu per collision. Using this value,
one can compute that the graupel particles would acquire a charge of 5 esu/gram in a cloud con-
taining one gr/m 3 of liquid water and having an ice-crystal concentration of 104/m 3 . It is recog-
nized that more must be learned about the liquid-water content and ice-crystal concentrations in
clouds before valid calculations of this kind can be made. It is rather to be expected that the ice
crystals encountered in atmospheric clouds would be much larger than 100 microns and would
yield larger amounts of charge per collision.

Acknowledgment--This research work was sponsored by the Signal Corps of the U. S. Army
and the New Mexico Institute of Mining and Technology.
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POSSIBLE MECHANISM FOR THE FORMATION OF THUNDERSTORM ELECTRICITY

A.; Bernard Vonnegut

Arthur D. Little, Inc.
Memorial Drive

Cambridge 42, Massachusetts

Abstract--It is proposed that electrification in thunderstorms is the result of strong
updrafts and downdrafts that cause a multiplication of the small space charge normally
found in the lower atmosphere. Because the air in the lower atmosphere contains a small
positive space charge, clouds formed of this air have a small positive electric charge and
produce an electric field. Under the influence of this field, negative ions from the upper
atmosphere move down toward the cloud. These ions do not neutralize the cloud because
they are caught in downdrafts that carry them down to the lower part of the cloud where
they accumulate to form a large region of negative space charge. This charge finally be-
comes large enough to produce a large positive space charge by corona fron_ points on
the ground beneath the cloud. Air containing this increased positive space charge is car-
ried by updrafts into the top of the cloud, causing it to become even more positively
charged. This increases the rate of growth of the center of negative charge and finally
the charges become large enough to produce lightning.

Introduction--This paper presents an hypothesis that is a possible alternative or supplement
t(. the widely accepted theory that lightning is the result of the gravitational separation of charged
precipitation elements in a neutral cloud. According to the accepted theory, precipitation particles
such as rain, snow, hail, or sleet somehow become charged with one sign, while air or slower-
falling particles become charged with the opposite sign. The faster-falling particles then fall away
from the slower-falling ones, thereby creating a separation of charge that results in lightning.

Precipitation particles play a minor role in the presently proposed theory of electrification.
According to this theory, the charges responsible for lightning are not produced by the separation
of oppositely charged precipitation elements but are drawn from the ionosphere by conduction and
from the Earth by corona. It is postulated that intense convective activity, such as that occurring
in thunderstorms, results in a charge multiplication process that increases the small space charges
nornally present in the atmosphere until they are large enough to produce lightning. This process
is similar to that which takes place in high-voltage electrical induction machines. It appears that
the small concentration of positive space charge normally found in the lower atmosphere is usually
sufficiently large to begin the build-up of charge. However, the initial charge necessary for a charge
multiplication process of this sort might be provided by other sources of space charge such as pre-
cipitation, dust storms, blowing snow, ocean spray, or volcanic activity.

Before describing this process of electrification, it is helpful first to review very briefly the
observed facts of fair-weather electrical phenomena on which the theory is based. Presumably,
because of thunderstorm activity, which is constantly taking place over the surface of the Earth,
the ionosphere is maintained at a positive potential with respect to the Earth of the order of half
a million volts [GISH and SHERMAN, 1936]. This potential difference causes a positive current to
flow continuously through the atmosphere from the ionosphere to the Earth. Because of the high
electrical resistivity of the atmosphere at low levels and because of the electrode effect, this cur-
rent results in a slight excess of positively charged Aitken nuclei in the lower atmosphere [KAHLER,
1927; OBOLENSKY, 1925; BROWN, 1930]. It is postulated that this small positive space charge
initiates the electrification process in clouds.
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When the atmosphere becomes sufficiently
unstable to produce thunderstorms, large vol- IONOSPHERE
umes of warm, moist air near the ground con-
verge and rise to high altitudes to form clouds.
Because this air contains a positive space
charge, the clouds that are formed art- elec-
trically charged. One of these clouds is
shown in Figure 1.

Even - very large cloud having the space-+ + POSITIVE CLOU
charge density usually found in the lower at- POSITIVE CLOUD
mosphere would not prr'duce a potential gra- + + .

dient sufficient to produce lightning. However, + +
as the cloud grows and increases in height, + + + /NORMAL POSITIVE
another process begins to take place that re- SPACE CHARGE
sults in the production of large air masses 4.
having a much greater space-charge density. + + + +
The cloud finally reaches altitudes where [ GROUND
the electrical conductivity of the surrounding
air is much greater than that at lower levels. 7"ig. 1--Formation of cloud containing small
The potential gradient at the top of the cloud positive space charge
is considerably greater than the normal pos-
itive gradient at these altitudes and in the opposite direction. Under the influence of this field a
current of small negative ions flows from the ionosphere to the surface of the charged cloud. Here
the small ions attach themselves to cloud particles and Aitken nuclei and thus become large ions
of low mobility. This process results in the formation of a negative space charge over the top sur-
face of the cloud, which, were it to accumulate, would soon neutralize the positive field. However,
there are rapid downdrafts on the surface of a cumulus cloud that carry the negative charge away
from the top of the cloud down to lower levels. The air comprising these downdrafts originally
zose from the Earth's surface because it was thermally unstable. Therefore, the air in these down-
drafts does not return all the way to the ground, but descends to some intermediate level at which
it is in equilibrium. As the result of this process, the negative charge carried down from the top
of the cloud by the downdrafts accumulates as a charge center somewhere in the lower part of the
cloud, as shown in Figure 2. This charge grows until it finally produces a field large enough to
cause points on the surface of the Earth to give corona and produce a current of positive ions.
These small ions become attached to Aitken nuclei and cloud droplets in the lower atmosphere and
thus become large ions of low mobility. Even in the large electric fields that prevail in thunder-
storms, the velocity of these ions relative to the air is small compared to the wind velocity. There-
fore these positive ions are prevented by the wind from moving towards the negative charge that
induced them, and are carried by updrafts into the top of the cloud, thus causing it to become even
more positively cha-r 'd, as shown in Figure 3. This, in turn, increases the rate at which negative
charge is drawn from the ionosphere and carried to the lower part of the cloud. The positive and
negative charge centers grow by this process until the resulting potential gradients are sufficiently
large to result in lightning.

Q3 If the foregoing theory is correct, it must be in accord with the established facts of atmospheric
electricity Pnd cloud development and must quantitatively acccunt for the electrical currents that
have been measured in thunderstorms. The theory depends c.i three basic processes: (1) the con-
duction of charge from the ionosphere to the cloud; (2) the production of corona from the ground;
and (3) the transport of these charges by updrafts and downe*rafts m such a manner that they are
accumulated to give charge centers large enough to produce' lightning.

Unfortunately, there are insufficient experimental data concerning such variables as the space
charge distribution in the cloud and the air trajectories inside and ov:tside the cloud to permit a
rigorous quantitative treatment of the various processes involved in the theory. Nevertheless,

V . A1,:t7--.
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Fig. 2--Development of negative charge center Fig. 3--Intensification of electrification
in lower part of cloud resulting from point discharge on ground

with the considerable body of data that is available on atmospheric electricity, it is possible to
make a semiquantitative evaluation of the processes involved in the hypothesis. The following sec-
tions are devoted to rough computations of the rate of growth of the charge centers, discussions
of the details of the various processes, and speculations upon some aspects of atmospheric elec-
tricity.

Observed currents to cloud from ionosphere and ground--Before attempting any calculations
of the electrical charging currents that would be expected according to the theory, it is interesting
to examine severai measurements that indicate the magnitude and direction of the currents flowing
above and beneath thunderstorms.

Above the tops of thunderstorms GISH [1951] found that a negative current, frequently of the
order of one ampere and sometimes as large as six amperes, flows from the ionosphere to the
clouds.

Beneath thunderstorms, the measurements of WORMELL [1930] give evidence that large posi-
tive corona currents flow from the ground into the atmosphere. He gives the following estimate of
the annual flow of electricity to an area of a square kilometer at Cambridge, England: conduction
current, +60 coulombs; point discharge current, -100 coulombs; precipitation current, +20 coulombs;
and lightning discharges, -20 coulombs.

These data show that large electrical currents flow toward thunderstorms from the ionosphere
and grouni in the directions required by the hypothesis. These data also show that the rate at wich
charge is transferred by these processes is of the same order of magnitude as the rate at which
charge i!; transferred by lightning.

Growth of negatire charge center--By making very crude assumptions and simplifications, it

is pos,ible to calculate the rate of grovth of the charge centers that would be expected according
to the hypothesis.

4.3
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In the first place, let us attempt to estimate the rate at which a cloud formed of positively
charged surface air would be able to transport negative charge from the ionosphere down to the
lower part of the cloud. In order to do this we must calculate the electric field that exists at the
top of the cloud. Let us assume a spherical cloud having a radius r, whose center is r + h above
the ground. Neglecting the effect of the Earth and ionosphere, the potential gradient at the surface
of the cloud resulting from its space charge is given by

F! =6pp r x10- 7 . . : . . . . . . . . . . . . . . . . . . . . . (1)
4k

where F1 is the gradient in volts per centimeter that would be produced by the cloud alone, r is the
radius of the cloud in centimeters, and pp is space charge concentration in elementary charges per
cm 3 .

At the top of the cloud, this gradient is opposed by the normal gradient in the atmosphere. In
order for the cloud to attract negative charge from the ionosphere, it is therefore necessary that
the gradient produced by the cloud be grcater than this normal gradient. A simple calculation shows
that if the positive space charge in the cloud is of the order of tea to 1000 positive elementary charges
per cm 3 , which various investigators [OBOLENSKY, 1925; BROWN, 1930; GISH, 19511 report for the

- lower atmosphere, the cloud does not need to be very large to satisfy this condition. For example,
we can calculate the normal gradient in the atmosphere F 2 from GISH'S [1951] data on the conduc-
tivity of the atmosphere. From altitudes of 6 km to 15 kin, his data can be approximated as follows

. . . . . . . . . . . . . . . . . . . . . . . . . . (2)

where R is the electrical resistivity in ohm-centimeters and Y is the altitude in centimeters. If
we assume an ionosphere-to-ground current of 10-16 amueres/cm2 1CHALIMERS, 19491, then the
normal potential gradient is given by IR, or

F2  ' !3X101 0 Y 2 . . . . . . . . . . . . . . . .

At an altitude of three kin, according to this euation, the normalgradient !s 0.1 vol/cm. From
(1), a cloud containin a space charge of 100 unit charges per cc would have to ofly 50 m in radius
in order to neutralize this field. If the space charge density were ten elementary charges per cm ",
the cloud would have to be 500 m in radius. It is evident that the normal electric field ef the Earth
is so small in relation to the field produced by large clouds that to a first approximation it can be
neglected. Accordingly, we will assume that the field at the top of a growing cloud is given by (I).

As the result of the action of this field, negative ions flow from the ionosphere toward the sur-
face of the cloud. If there were no downdrafts on the surface of the cloud or winds above it, the
field produced by the cloud would rapidly be neutralized by the space charge of the negative ions that
are drawn to its surface. However, visual observations and lapse-time motion pictures made by
Schaefer and others show that a cumulus cloud is much like a large fountain of hot air with an up-
draft in the center and strong downdrafts over the surface all around. These downdrafts remove
the negative charges on the surface of the cloud and carry them down to lower levels, where they
accumulate to form a charge center. Because the downdrafts carry away the layer of negative
space charge as fast as it forms, the positive field of the cloud is not completely neutral zed and
a current of negative ions flows continuously from the ionosphere to lower levels.

The structure of these downdrafts appears to be quite complicated. It is a very difficuli matter
to estimate at what rate they remove the negative space charge around the top of the cloud and to
what extent the field of the cloud is reduced by this space charge. We will make the sirmpiest assump-

' tion: that at the top surface of the thundercloud, the actual field can be expressed by a factor a
times the value that the field would have in the absence of the negative space charge. The factor
a will obviously depend on the downdraft velozity. if this veloczv were very '.. ge, very little space
charge could accumulate or the top of the cloud. so that a would approach one. In the absence of
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dovdrafts, ( would become &ero. It is probable thai a deoend-. iot only un the ciowndraft velocities
but also on other variables such is the shape and size of .ze cells in the cloud.

However, it we assume that the grau'ient at the surface of the cloud can be expressed by

F = 6ppOr x l0 ............................. (4)

and assumne that all of the negative charge flowing irom the "onosphere is accumulated as a charge
center at intermediate levels, then it is possibi to compute the magnitude of this negative current,
in, by dividing the gradient by the expression for the electrical resistance of the air and muir'.ply-
ing by the surface area of the cloud top.

Eq. (2), which is based on Gish's data, is for the positive resistivity of the air. This can bL
converted to give negative resistivity by multiplying by the factor 0.78, the ratio of the mobility of
positive to negative ions [GISH, 19511. Using .his we obtain

in = 8(xpp r 3 (2r + h) 2 x 10- 3 3 amperes .................. (5)

or if r is large with respect to h

In 3 a pr 10 - 2  ...................... (6)

If we assume that the radius oi the cloud increases linearly with time at a rate v, then the cur-
rent as a function of time is given by

in = 3app v5 t x i0 - 3 2  . . . . . . . . . . . . . . . . . . . . .  (7)

The charge Qn that has built up can be f.xpressed as a function of time by integrating (7) to give

Qn 5app v t 6 x 10- 3 3 . . . . . . . . . . . . . . . . .. . . . . . . (8)

If V is 500 cm/sec, then

Qnt 6  0 -1 9 . . . . . . . . . . . . . . . . . . . . . . .  (9)

This expression shows that the pruposed mechanism leads to a rapid build-up of negative charge in
the lower part of the cloud.

Figure 4, a graph based on this equation, shows how Q., the negative charge, and Q , the posi-
tive cha.ge, might be expected to vary with time or the cloud size when various assumptions are
made concerning pr, the positive z5 ce charge density in the air forming the cloud, oid cc the co..-
stant which relates the gradient at the cloud surface to the value the gradient would have in the
absence of negative space charge. Two curves are shown for Qn, one for which cpp equals ten and
the other for which Oxpp equals 100. Because the charge Qn depends on the sixth power cf the time
or cloud size, the time necissary to build up a given charge is not particularly sensitive to assump-
tions made concerning po and a, as it occurs as their sixth root. It should be remembered that
Figsure 4 and the calculaions made thus far are based on the assumption that the positive space-

chsarge density in the cloud is of the same order of magnitude as that found in the lower atmosphere.
It will be shown laer that when the negative ;charge reaches a certain v..lue, corona discharge from

i oi greatly increase the positive space charge density in the air entering the

cloud and thus cause the charges to build up more rapidly.

It is worth pointing out that according to the hypothesis there , re :onditions under which even
a very large cloud would not be expcted to product lightning. Fur example, it will be remembered
that in the derivation of (4 it waassumed that p, was sufficiently large that the normal gradient

2 ' -" : -~ ~~- .1 . - "'L .- - . " "* "" - - -
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in the atmosphere was negligible in comparison
DIAMETER - KILOMETERS with that produced by the cloud. If the value of

I 2 3 4 5 6 78 1O 15 20 pp is quite small, perhaps of the order of one or
-0 less elementary charges per cc, this assumption

n 102 - WOO is no longer true, and the cloud may never grow
L co IX~e big enough to overbalance the normal field. In

-o this case, the process of drawing negative charge0 from the ionosphere would not take place.

- . f Even a very large cloud having an appreciable
1 i-ei 0 space charge density may still fail to develop elec-

IF,, c trical activity if the negative charge attracted to
0 10 -- 63 its surface is not removed and accumulated as a

' - charge center. This would be the case if there
-- were very small downdrafts on the cloud, which

would mean that a is very small, or if high winds
at the top of the cloud continuously removed the

1-00 200 30 40 6 2000 negative charge and, instead of gathering it as a
OE00 0 SECOND00 charge center, merely carried it away..': k IME- SECONDS

Growth of positive-charge center--According
Fig. 4--Estimated charge growth without to the hypothesis, when the negative charge in the

point dlscha; g, lower portion of the cloud reaches a certain value,
the field on the surface of the Earth will become

sufficiently large to cause objects on the ground to give corona. WHIPPLE and SCRASE [1936] give
the following empirical relation between the elpctriL field and the positive current I flowing per km2

from point discharge.

I 1.6 [F 2  - (8.6)2] x 10-6 ..................... (10)

where I Is the current in amperes and F the field in volts/cm. According to this expression corona
does not begin until the field is 8.6 volts per cm. If we assume that the negative center of charge
is about three km above the surface of the Earth, we can compute that the cri.ical field of 8.6 volts
per cm would be reached directly beneath the cloud when the negative charge is about 0.4 coulomb.
.ccording to 'igure 4 this value of the charge would be attained in about 15 minutes when the cloud
is nine km in diameter. It is rather difficult to estimate how r7.pidl ositive space charge is being
produced and drawn into the cloud as the negative charge rapidly grows. This rate depends on the
velocity of air going into the cloud and also on the electric field at the ground, which is the vector
sum of the field caused by the negative charge and the field caused by the positive space bharge

.elbeing produced. It sin: ifies matters if we look at the situation in another ten or so minutes when
the negative charg6 has grown to perhaps 50 coulombs and the field on the ground in the absence
of positive space charge wruld be if the order of 1000 volts/cm. According to (10), with this field
th. coronl current per km is of the order of one ampere. We are justified ., assuming that when
the 1rona current rcaches this magnitude the positive space charge produced near the ground is
ver, ..early equal to the negative charge above. If we assume that the positive space charge beneath
th,. cloud has an area of the order of 100 km 2 ane that the wind is flowing radially inward toward the
center of the clcud'at five meters per second, thei. in every period of the order of ten minutes an
P a.ount of positive space charge almost equivalent to the negative portion of the cloud would be
trartsuorte3, into the upper part of the cloud.

Another rough wa of looking at the effect ui corona is to say that in (8) the density of positive
charge in the cloud is nn longer constant but begis to increase with Qn. Since Qn varies as the
6i7th power of the tim- and is also proportional to pp, one might expect that after corona had begun
both the negative .nd positive charges in the cloud would ircrease as some prwer of time greater
than six.

%%%,:, .. .. ,. . .- . ...
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It appears, according to this hypehesis, that

DIAMETER -KI LOMETERS the electrical activity in cumulus clouds increases
I 2 3 4 5 6 7 8 10 15 20 as something like the sixth power or more of their

-r---*-- - -1--r " r/, / size and that the amounts of charge and the field
~.,l02  Icould become sufficiently large to produce lightning1) 102J when the cloud i. about ten km in diameter or per-

O 1 haps 25 minutes old.
_0 0
:O 00 ..... When the process of corona is taken into ac-

S1".. count, one might guess that the growth of the chargeI 6 centers in a cloud might be something like that
W -- ! - - shown in Figure 5. It should be emphasized that

_ _-P this picture of the build-up of charge is little more
1 doubtedly varies greatly from one cloud to another._____ ______ 1 than a vres rough vr ral guess. fo Thee rate cou charging ofnt

.5 I For example, if a cloud were to grow to a height of
10 -ten km and then stop growing and stay about this

, , 1. i.~size, then the positive-charge center might stop
100 200 300 4C)j 600 800 000 2000 growing while the negative-charge center v"ld

ThAE - SECONDS conl.nue to increase. The negative-charge center
migh become considerably larger than the posi-

Fig. 5--Estirrated charge growth tive center until finally corona would taKe place
with pont discharge that would increase the positive space charge den-

sity and cause the positive center to resume its
growth. It would be possible to make a more rigorous mathematical approach that U ould attempt
to take into account such factors as the effect on the field around the cloud caused by induced charges
in the ground and in the ionosphere, as well as the interaction of the 'ields of the two main charge
centers. However, it appears doubtful whether such refinements could be justified at present in
view of the lack of knowledge of many of the important variables characterizing the cloud.

Nature of space charge--If updrafts and downdrafts are to perform electrical work by moving
charged particles in an electric field, it is necessary that the velocity of the particles relative to
the air that results from electrical forces be somewhat less than the velocities of the updrafts and
downdrafts. In the eai' y stages of thunderstorm development, when t'e fields are small, it is pos-
sible that even small ions, which have mobilities of the order of one cm per second per volt per cm,
can be moved by th3 wind against the force resulting from the electric field. However, in the in-
tense fields of a full-fledged storm, it is necessary that the charge-carrying particles have much
lower mobilities if they are ti be carried by the wind. It is postulated that the small negative ior -ot
drawn from the ionosphere, and the small positive ions produced by corona, attach themselves to
cloud particles and Aitken nuclei and thus become transformed into ions of low mobility.

Data are not available conce, ning the concentration and the mobility of the particles compris-
ing the spa...a -harge in thuaderstorms. However, it is possible to make rough estimates of these
quantities. Let us suppose that the charge center in a storm is a sphere having a radius of three
km and that the field at its surface is 10P volts/cm, a very large field that would probably result
in lightning. Using (1) we can compute that the average density of space charge in the cloud is of
the order of 5 x 104 elementary charges per cm 3 The total charge of such a cloud is about 103

coulomb.

The mobility ol the charged cloud particles compri*sing this space charge can be calculated
from their size and cu. centration on the assumption that the particles carry equal charges. If the
cloud particles havL_ radius of ten microns and the liquid water content is 1 g n/in3 , then tIere
are about 100 particles per cm 3 . The charge va each particle is therc-fore 5 x 102 elementary
charges. Using Stokes law we can compute that the mobility of these ions is 2.5 x 10-4 cm/sec
volt cm. Even in a fitld of 104 volts/cm these ions would have a velocity of only 2.5 cm/sec rela-
tive to the air.
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Some of the particles undoubtedly are more highly charged than others. Therefore, the charge
is not uniformly distributed as was assumed in the above calculations. It is interesting to compute
what the charge and mobility of ten-micron particles would be if they carried the maximum charge
they could attain in a field of 104 volts/cm. LADENBURG [1930] had given the following relation
between the maximum charge Q that can be acquired by a particle of radius a and dielectric con-
stant k in a field F.
sfA = Fa 2 [1 + 2(K - 1)/(K + 1)] .................... (11)

From this equation, it can be calculated that In a field of 104 volts/cm, water particles having
a radius of 10 microns would each carry 2 x 10 elementary charges and have a mobility of 10-1
cm/sec volt cm. The space charge density in a cloud of such particles would be about 2 x 107 ele-
mentary charges per cm 3 . Even with this large space charge density, the mobility of these particles
would still be sufficiently small that they might be moved against strong fields by the high winds in
a thunderstorm.

In the r 3gion under the cloud the only particles to which the small ions produced by corona can
become attached are the Aitken nuclei. These small particles generally carry only one elementary
charge apiece and have mobilities of the order of 10- cm/sec volt cm. The usual concentration of
these particles is of the order of 104 per cm 3 , so that the space charge that can be carried by these
particles has a density of the order of 104 elementary charges per cm 3 . A layer of space charge of
this density would have to be 2.5 km thick in order to neutralize a field of 104 volts/cm. Thus it
appears that in strong fields, if the cloud base were low or if the concentration of nuclei were low,
many of the fast positive ions produced by corona might proceed all the way up to the cloud b-se
before being transformed into ions of low mobility.

The concentration of space charge can be estimated in a somewhat different way by calculating
the minimum space charge density that would be required in order to produce the charging rates
that have been observed in thunderstorms. If we assume that the charging current consists of charged
particles being carried by an average wind of 5 m/sec over an area of 100 km2 , then we find that a
space charge density of 104 elementary charges/cm 3 is required to give a current of four amperes.
This value is in fair a-greement with the results of the calculation of the charge density that was
made using rough gvesses for the values of the field and size o± a charge center.

It can be concluded from the foregoing speculation upon th.e concentration and mobility of
charged particles in a thunderstorm that quantities of charge ample to produce lightning can be
carried in the form of charged particles of low mobility. Although the space charge usually con-
sists of charged-cloud particles, it is conceivable that the electrification process might take place
in the absence of cloud particles if a sufficient concentration zf Aitken nuclei were present in the
atmosphere.

When precipitation particles are present, they too will doubtless constitute a portion of the
space charge. They will carry a charge because they ha- e been for ned by the coalescence of
charged cloud particles or because they have been subjected to the same charging process as the
cloud -rtIcles.

centers and the mixing of the air masses carrying charges of opposite signs will reduce t.he rate

at which charge builds up in a thunderstorm. These two processes were neglected in the estimates

of the rates of growth of the charge centers.

There are apparently no data on the electrical conductlvlt within thunderstorm clouds that
can be used to estimate the rate at which charge is lost by conduction. CHALMERS [1949] cites
data taken by SCRASE [1933] showing that the conductivity in fogs is about one-tenth the i:ormal
value for air, and states that in clouds the conductivity Is usually very small if no source of
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ionization is present. These data are presumably for ordinary clouds and probably do not apply
to thunderclouds, which aLcording to the theory must contain a large concentration o1 charged par-
ticles.

In the absence of measurements of the conductivity in thunderstorins, it is possible to estimate
the conduction current by using values for the conductivity calculated fron. the probable space
charge. I we assume that the cloud has an average space charge density of 5 x 104 elementary
charges per cm 3 , and the mobility of the ions is 2.5 x 10- 4 cm/sec volt cm, then a charge center
3 km in radius having a field of 104 volt/cm would have a leakage current over its surface of 2 x
10- 2 ampere. This is small compared to the calculated value of the charging current, which is of
the order of one ampere for such a cloud.

Because of the complexity of the turbulent mixing within a thunderstorm, and the inadequacy
of the available data, one can only make guesses concerning the rate at which charge is lost by
mixing. From the appearance of the surface of a thunderstorm cloud, one might guess that the
cells of turbulence are generally large enough that their surface-to-volume ratio would be sufficient-
ly small, that mixing would not seriously interfere with the electrification process. It will be nec-
essary to secure much more data before the roles of conduction and mixing can be properly evaluated.

The relationship of lightning to the charging process--Lightning is an important link in the
electrical process by which thunderstorms move negative charge from the ionosphere to the Earth.
It seems probable that most of the negative charge drawn from the ionosphere according to this
theory is transferred to the Earth by lightning strokes. This happens in two different ways. The
first of these is a direct process in which the lightning transfers the negative charge to the ground
by a cloud-to-ground stroke. The second is an indirect process in which the lightning stroke tat :s
place between the negative charge center and the pc sitive charge center in the cloud. Because the
positive charge that is neutralized by a stroke within the cloud was produced by corona from points
on the ground, this process effectively transfers n.;gative charge to the ground.

According to the theory, for several reasons it is unlikely that lightning st-okes could com-
pletely neutralize a thunderstorm. In the first place it has been shown that the two charge centers
have different rates of growth. Therefore it is unlikely that they would be equal when lightning
occurs. In the second place, in addition to the two primary charge centers there is a large quantity
of nt,.atively charged air over the surface of the cloud and a large quantity of positively charged
air beneath the cloud. Even if the two primary charge centers were to be completely neutralized
by a lightning stroke between them, these secondary masses of charged air would provide sufficient
charge to maintain the electrification process.

One would expect that lightning strokes couli completely change the normal charge distribution
in a cloud. For example, if lightning were to neutralize the negative charge in a cloud, the air at
lower levels beneath the cloud would still retain a large positive charge that had been produced by
corona. This air, when it is drawn together intu the cloud, could, by corona, produce a new region
of negative charge near the ground before it is neutralized by lightning. One can imagine situations
of this sort in which a cloud conceivably might have an alternating polarity.

Variations of the model--Actual thunderstorms are doubtless far mor' complex than the simple
model shown in Figures 1, 2, and 3. It is interesting to consider the differences between actual
clouds and the one used as a model and how they might affect the hypothesis.

In the first place, thunderstorms usually consist of more than one cell. In such storms it is
likely that each cell operates in a manner similar to the single cell in the model. In this case
tnerp would be dow.adrafts carr-ing negative charge not only on the surface of the storm but also
within the storm between thc cells.

44
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Thunderstorms are seldom as symmetrical as the model. In general, one might expect, be-
cause of winds or because of differences in the air masses around the cloud, that updrafts would
be predominantly on one side of the cloud, with downdrafts on the other. This should not make
much difference in the charge-generating process that has been postulated. f

K/ 3mall cloud probably very seldom grows continuously until it becomes a large one, as has
been ..sumed to be the case. Actually it appears that storms develop by a succession of clouds
that i ise to some maximum height and then recede, to be followed by other clouds that rise and
fall until finally clouds form that reach great heights. In addition to the transfer of charge to lower
levels resulting from downdrafts, a large amount of negative charge is probably also brought to
lower levels because of the descent of the entire cloud. This process would constitute a sort of
pumping action in which negative ions from high altitudes become trapped on cloud particles or
Aitken nuclei on the top of the cloud and are then pulled down to lower altitudes by the subsidence
of the cloud.

According to the model shown in Figures 1, 2, and 3, the buildup of charge within a storm is
brought about by two different processes: (1) the conduction of charge from the ionosphere, and
(2) the production of corona from the ground. One can Imagine conditions in which only one or the
other of these charge-producing processes takes place. For example, over a smooth body of water,
or over a land surface devoid of points, it is conceivable that corona might never take place and
that the electrification process would occur only at the top of the cloud. One would expect that the
negative charge might become much larger than the positive charge and that a greater fraction of
the lightning strokes would take place from cloud to ground (or sea) than in a storm over an uneven
land surface tha gives corona more easily.

If for some reason the space-charge density at lower levels were abnormally large, it is pos-
sible that the charge of an electrical storm might be derived exclusively from the Earth by corona.
If this condition prevailed, a relatively small cloud at low altitudes would be capable of producing
large masses of oppositely charged air by corona. If, because of winds, there were relative motion

between the cloud and the air surrounding it, such
__a cloud might produce masses of air containing

- -- -'-many times its own original charge. This air,
+.. Twhen drawn into other clouds, might be capaole of

- I + + TOP VIEW producing lightning. One can visualize a circula-
+ + ++ tory process such as that shown in Figure 6 in+ L +----which two clouds of opposite sign continuously

+ + charge each other as the result of corona produced
beneath them.

.... The electrification process is undoubtedly very
SIDE VIEW complicated in large, intense storms that consist of

+ -+ + ++. mar - zells. Most of the air in such a storm and
.+ + + + near it probably becomes highly electrified. Under

+..+.these conditions, any growing cell would inevitably
---- draw in air masses that are highly charged with

+- one sign or the other. It is to be expected that in
_.++4 .,4 large, complex storms clouds will frequently

develop with a charge distribution quite different
GROUJND from that normally found in smaller and simpler

storms.
F" Fig. 6--Circulatory charging process

Conversion of electrical energy into kinetic
- energy--In the discussion thus lar an attempt has been made to show how the kinetic energy of an

updraft or downdraft might be converted into electrical energy because of the movement of space
charge in an electric .field. According to the hypothesis, once the cloud has become electrified,

I-

L)V.

N.Q



179

there is lie reason why the reverse process should not be possible, that is, the conversion of some
c' the electrical energy in a storm back into kinetic energy through the acceleration in an electric
field of air that contains space charge. Indeed, when the cloud draws negative charge from the
ionosphere and positive charge from the ground, the air carrying this charge is first accelerated
toward the cloud by electrical forces. Only when the wind begins to move these particles away
from the "harge that induced them and toward the charge of like sign *hat is building up is the air
decelerated.

When the electric field and the space-charge density are small, the forces involved are negli-
gible. However, in an intense electrical storm, the space charge and fields are such that the
accelerations resulting from these forces may be large. For example, in a field of 104 volts/cm,
air that contains a space charge of 107 elementary charges per cm 3 will have an acceleration
equivalent to that which would result if its temperature were 500°C higher than the surrounding air
mass. If the acceleration produced by electrical forces coincides with the directions of the updrafts
or downdrafts, some of the electrical energy of the storm will be transformed back into kinetic
energy of the air instead of lightning. Through this electrical process, the translational kinetic
energy of a large mass of air moving at a moderate velocity can be transferred to a much smaller
mass of air that will have a much higher velocity.

This hypothesis suggests that the extreme wind velocities in electrical storms, which can pro-
duce hail and tornadoes, may be the result of thermal updrafts that are intensified by electrical

force . This follows the suggestion made by RARE [1840] that the tornado is an electrical phenom-
enon. The fr-quently reported buzzing sound associated with the tornado may be caused by intense
corona discharge which produces highly charged air near the ground that then is accelerated towards
a "..rge region of opposite charge.

It is also possible that the electrical energy in a storm can produce high-velocity updrafts as
the result of the heating produced by lightning strokes. FLORA [1953] quotes two different observ-
ers who reported that the Inside of the tornado appears to be a hollow cylinder illuninated with
constant flashes of lightning. It would be expected that the interior of a tornado would offer a low-
resistance path for lightning because of its low pressure, and that the heating and ionization pro-
duced by lighthing would further lower this resistance. If lightning flashes transporting 20 coulombs
per stroke occur within the vortex at the rate of one per second, it can be estimated that the energy
would be sufficient to produce an increase of about 100'C in the temperature of a column of air 50m
in diameter rising at 100 m/sec. It only a portion of the electrical energy developed by a large r
storm were to be converted into kinetic energy by either of these mechanisms, it could supply ample
power for a tornado.

The formation of precipitation--According to the generally accepted theory, electrification in
a thunderstorm is a result of the formation of precipitation particles. However, the reverse may
be true, for, according to the hypothesis set forth in this paper, electrification can take place be-
fore any precipitation particles have formed. It Is possible that electrification may play a large
part in the formation of precipitation both below and above the freezing level. This is in accord
with observations such as those made by RAYLEIGH [1875], GUNN [1952], and SARTOR [1953] that
suggest that the stability of warm clouds may be influenced by electrical effects, and the experi-
ments made by SCHAEFER [1947, p. 593; 1953, pp. 52-53] that show that the formation and growth
of ice crystals is greatly modified by electric fields.

Relationship between charge on ionosphere and thunderstorms- -This hypothesis is in accord
with the generally accepted theory that the positive charge of the Ionosphere is maintained by the
electrical activity of thunderstorms all over the world. Furthermore this hypothesis shows how
the transfer of negative charge toward the ground might take place by the transport of negative
ions in downdrafts and of positive ions in updrafts. It is interesting that according to the hypothesis,
the development of electrical activity in a storm depends on the positive ionosphere t - produce the
small positive space charge that initiates electrical activity.
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If the hypothesis is correct, it might be possible to do the following things: (1) Prevent elec-
trical activity in storms locally by neutralizing the space charge in the lower atmosphere. (2) Pre-
vent electrical activity in storms generally by neutralizing the ionosphere. (3) Hasten the onset of
electrical activity in storms by increasing the space charge density in the lower atmosphere. (4)
Reverse the normal polarity of storms by changing the sign of the space charge in the lower atmos-
phere.

It is conceivable that the electrical process in the atmosphere is similar to an electrical in-i duction apparatus such as the Wimshurst machine. A machine of this sort that does not employ

metal conductors on the rotating plates has three stable modes of operation. One of these is
neutral, in which the machine produces no electrical effects, and the other two are those in which
a given electrode is either positive or negative, depending on the sign with which the machine was
primed. If this analogy holds, the present positive charge of the ionosphere might be fortuitous.
It is possible that in the remote past the ionosphere became positively charged, perhaps by intense
volcanic activity or dust storms, and that this charge has been maintained since that time by
thunderstorms. If the charge of the ionosphere or the space charge in the lower atmosphere were
reduced below a certain value, the process might no longer be self-sustaining. If this were to

'C happen, electrical activity would cease and the ionosphere would become neutral. It is also possible
that if the ionosphere had a negative charge the atmospheric electrical process might function as
it now does, only with a reversed polarity.

Conclusions--The possible merits of this theory of electrification as opposed to the charge
separation theory can best be established by measuring the distribution and density of space chaige
in thunderstorms. If this theory is correct, these measurements should disclose large masses of
electrically oharged air that are some distance from the region of precipitation, a situation thatwould be unlikely if precipitation were responsible for electrification. Furthermore, these meas-
urements should show that in both the positive and negative regions of charge, the greater part of
the charge is generally in the form of small-charged cloud particles, and Aitken nu.clei, rather than
precipitation particles. In some cases one might also expect to find that appreciable electric fields
had developed before the precipitation particles had farmed.

In order to confirm the theory it will be necessary to secure a great deal more data on thunder-
storms than are now available and to show quantitatively how these processes can produce the ob-
served electrification.
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SOME REMARKS CONCERNING THE EFFECTIVENESS OF THE LIGETNING ROD
AND THE DISTRIBUTION OF LIGHTNING CURRENTS IN THE EARTH 4'

J. Bricard

Institut de Physique du Globe de Paris
Paris, France ,

Abstract--We calculate, at a given moment, the distribution of lightning currents
in the neighborhood of the spot struck by the flash of lightning. One supposes that, dur-
ing the partial discharge, the current, which flows from the Earth to the cloud, travels
over a vertical rectilinear conductor, and has an intensity given by Golde's formula
I =M (e mt- ent); t being the time, and m and n two constants respectively equal to
4.4 x 104 and -. 6 X 105. We take, as a maximum inte sity Im = 25,000 amp. It is as-
sumed that the Earth is an homogeneous conductor, separated by a plane from the
atmosphere. We take the atmosphere as an equally homogeneous dielectric. It is
assumed that there is no hysteresis and that, owing to the relative small values of the
charges, there is no chemical dissociation in the ground. We transform these condi-
tions into Maxwell's relations written in cylindrical coordinates, owing to the symme-
try of the problem. In this case, one can see that the components I of the current
density and Hx and Hz of the magnetic field are zero. The relations may be simplified,
and the displacement term F dE /dt (c represents the dielectric constant and E the elec--
tric field in the Earth) may be disregarded when compared to the conductivity term in
consideration of the relatively high values of the electric conductivity of the ground
(0" = 109 cgs).

Using a particular integral and Carson's method, we obtain equations !or Ir , Iz,
and H . We draw the curves representing the variables in terms of z or r for values
included between 10 and I04 cgs, and we study in particular the skin effect and the po-
tential distribution under the Earth surface. The results are discussed and compared
with experimental values.

Introduction- -We assume that in the initial phase of a lightning stroke a conducting channel
which has the same potential as a cloud runs from this cloud down to the neighborhood of theground. A brush discharge emanates from the ground; one branch of th.s discharge makes contactwith the lower extremity of the channel whereupon a discharge rises from the ground in the direc-
tion of the cloud (return flash). The ground therefore supplies the charge that neutralizes the
charge of the cha. nel and of the cloud. The movement of this charge corresponds to the lightning
current. Such a current recurs with each partial discharge, the whole of which forms the light-
ning stroke. The latter is thus composed of a series of successive pulsations.

"' The phenomenon appears as if the current were channeled through a vertical conductor from
the ground to the cloud. Let us assume that during each partial discharge its intensity I, which
varies with time, is represented by the formula

I = M (6-mt e-nt) ......................... (1)

established by GOLDE [1948]. In this formula t is the time, and m and n are two constants equal
to 4.4 x 1 and 4.6 x 105, respectively. (It should be pointed out that these values are only indica-
tions and may vary greatly.) If we take a maximum intensity of 25,000 amp, we obtain an M of
nearly 33,000 amp. Since the duration of lightning is extremely short, the outgoing charge in this
process does not exceed a few coulombs.

The dimensions of cloud charges are of the order of one kilomneter. Displacement currents
accompanying the lightning current will be distributed in a volume limited by the base of these
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charges and by the Earth's surface, subjected to their influence. The intensity of these currents
across a horizontal surface perpendicular to the lightning channel, whose dimensions are small
compared to the base of the cloud, may therefore be disregarded in comparison with the intensity
of the lightning current. Especially the magnetic field of this current at a point near the ground
will yield the relation H = 21/r, In which r is the distance from the lightning channel, and I is
given by (1).

Let us consider a vertical lightning rod that is struck by .ightning, and let us take as our ini-
tial time the moment at which the current surge appears at the base of the rod. Let us next as-
sume that the resistance of the ground plate is zero; therefore, no difference exists between the
ground potential and that of the base of the lightning rod.

Let I(t) be the current intensity at this given point. Sonie researchers [BODIER, 1937] have ex-
pressed the belief that the current in the rod differs from that of the lightning, as represented by
(1), and that it can be computed from this relation if the reflections produced at the base and the
top of the lightning rod as well as the resulting vibrations are taken into account. However, this
would lead one to infer that a lightning rod of a given height is able to modify the lightning current
that strikes it, the resulting modifications being related to the height of the rod above the ground.
This appears quite improbable. Moreover, observations of NORINDER [1947] in open country as
well as investigations by McEACHRON [1931] of lightning striking high buildings do not show any
disagreement. In a first approximation we will therefore assume that these oscillations, if they
exist, are masked and that the entire discharge, including the oscillations, is represented by (1).
If necessary, the oscillations could easily be taken into consideration in the computation.

Consequently, the lightning wave rises again in the lightning rod with a propagation velocity
of v which is nearly equal to that of light. At height h above the ground, the intensity is I(t - h/v).

Let Z be the wave impedance of the lightning rod, which we may assume to be vertical and
rectilinear. Then, Z ' VL7C, where L and C designate the coefficient of self-induction and the
linear capacitance of the lightning rod, respectively. This value, which depends upon the size of
the conductor as well as upon its height h, is on the average 200 ohms (for h = 20 to 30 m).

At a given moment the absolute value of the potential difference [BRICARD and LEDOUX,
1951] between two points of height h and h + dh, respectively, is

dU1 = L dh dI/dt = (Z/v) dh dl/dt

where according to (1)

dU1 = (Z/v) M [ne - n (t - h / v )  -m e (t - h / v )

At a given moment the potential difference between a point on a conductor of height h and the
ground is given by the formula

U1 = MZ [e-nt (e h/vl) - e-mt (ehm/v-1)]................. (2)

This relation shows that the absolute value of the potent'al difference between a point on the
lightning rod traversed by a flash of lightning and the ground increases with the elevation of this
point. It also shows that the instantaneous potential at the top of a lightning rod is a function of
but a single distance, namely, its length, and not the return distance as well (together with the
wave reflection from the ground), as has hitherto been assumed.

In addition to this there is the potential drop RI across the ground plate of resistance R, the
resulting potential difference being
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U - RI + MZ [e-nt (ehn/v-1) - e - mt (ehm/v-l)]................ (3)

For a gooI ground plate, R = 12 ohms at the beginning of the thunderbolt and then decreases to
1/4 this value after about three microseconds. Let us assume a peak current of 25,000 amp. The

-\ maximum value of RI will be 300,000 V for a conductor of height h = 30 m; U will then be of the
order of 50,000 V. This value evidently depends on the steepness of the wave front. For a front
that is four times steeper (maximum reached in one microsecond) we would obtain 250,000 V.
This explains why in most cases the influence of the ground plate remains predominant.

4}

Distribution of linhtning currents in the Earth's surface--Let us assume that the EartF is a
homogeneous conductor separated from the atmosphere by a plane surface. Moreover, let us also
consider that the atmosphere is a homogeneous dielectric and that no hysteresis will take place.
Due to the insignificance of the outgoing charge, we need not consider the chemical dissociation.
We can introduce these conditions in Maxwell's relations which must be written in cylindrical co-
ordinates in view of the symmetry of the problem.

In this case it is easy to see that the azimuth component E of the electric field as well as
the components Hz and Hr of the magnetic field are equal to zero. If we give H in electromag-
netic units and the rest in electrostatic units we obtain at a specific point of the ground

= aEr aEz
.. . .. . .......................... (4)Sc at az ar

1 (aEr +4 Er =_a..I ..................... (5)
c z at az

I - + 47r a-E z  = (rH ...c rEr
ck at z r are4r =--r )................. (6

In these formulas c is the velocity of light in cgs units (c = 3 x 1010), a the electric conductivity
of the Earth, and C its dielectric constant. The space z < 0 corresponds to a dielectric (air)
whose constant dielectric and magnetic permeability are both equal to unity. The permeability of

. the Earth (conductor), for which z > 0, is unity. The starting point of the brush discharge, which
will finally produce the return flash (or the lightning rod) is taken as the origin of the coordinates.
Our position will be far enough from this point to avoid consideration of the arc discharge, whose
appearance, moreover, is limited to a zone of a very small radius.

Whatever tb, shape of the lightning current in the ground, the magnetic field may be ex-
pressed as a function of time by a sum of the terms of the form Me it, the shartest period be-
ing of the order of 10-6 seconds. The conductivity of the ground is normally of the order of 108
to 109 cgs; hence we may assume the inequality to be W = (2 r/T) < 27r 106 <<c-. The term
6 E/a ', corresponding to the displacement current, can therefore be disregarded with respect

to the conduction term. Under these conditions (5) and (6) are simplified and become

(41r/c) ir = - aHlaz. ....................... (7)

(4-r/c) Iz -(l/r) alar (rH)....................... (8)

Here Ir and Iz are current densities. In order to obtain the I, we first determine H from (4),
0 (7), and (8) by eliminating Er and Ez and obtain

(4 ' /c 2 ) a /at = a 2H ar2 
+ (1/r) - H/2 + a 2H/az 2 ....... (9)

L According to BLINSKY [1938] the vertical and horizontal current densities are
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Ir = (M/2,yr) [(r 2 /R3 ) eik R + (ikz2 /R 2 ) ei k R - ikeikz] (18

I, = (Mz/21r) (11R 3 - ik/R 2) eikR  (

with

R= r2 + z2

. .................. ( 1

If we consider ot ly the density of the surface currert (z =0) and the density of the vert--cal
current passing throu 'h the zero point (r = 0), we find

2 2' ?r aco/c)r____'z =0 Ir =(M/2r r) [i Cos(&ot-( 2_i --. c) '-r( 2r-w/c)cosot] ((12)

r = 0 z = (M/21rz2 ) [ - z ( V2-i -- /c) 4-V21wo /C'z cos (t - 2(row/c) z]

Near the zero point' Ir  Iz = M/21rr 2 = M/2irz 2 . There is a sphzerical distribution 3f the
electric lines as if a dir!ct current were involved. However, this distribution is disturbed, and
the skin effect is felt. k; we mole away from the zero point, 1z decreases in relation to Ir , the 6
more so since the groun( is more conducting. Let us make a- = 2 x 109 cgs and Co = 27r/2 x 10-

= r 106. For z = r = 10( cm, the term z V27i1- '/( 's of the order of 0.5.

In reality, above we were dealing with a permanent system. One might ask whether under
transient conditions the case would be the same. r

Let us assume that Hit is of the form

H = h ............................. (13)

where p is a positive constant, independent of time. Eq. (9) may be written
2 2 2 2 2 2

( )ph= a h /ar + (l/r) ah/ar - h/r +a h 0z. ......... (14)

One integral of this equation is given by the expression

h =(2M/cr){exp [- (2z/c) y ]po- (z/R) exp [- (2R/c) V/-]

Under these conditions

H = h ep t = (2M/cr) ( exp [- (2z/c) Vr._ja] - (z/R) exp [- (2R/c) V/-r- ep t .... (15)

The term MePt represents the current passing through the lightning channe. However, the inten-
sity is not of the form MePt but is represL-ted by (1). It is this form that we must intrduce in
(15).

The method of CARSON [1929] consists in trying to find the Laplace transform of

exp [- (2z/c) V-o] - (z/R) exp [- (2R/c) t/Tr' a

Let us conzider the two terms separately. In fact, we need take only the first term; we may
then easily infer the transform of the second.

Let A(t) be the transform corresponding to exp [(2z/c) *\/ p. Writing
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exp [- (ez/c) "W 'p = e -  Aft) di

we have

(1/p) exp -(2z/c)".-/ ] =1O(2z -- /2c -)= 1-0(z "V50/c -)fort>0
0o fort< 0

The quantity (1/c) Vi-'/t is equal to the inverse of one length and 6 represents the error func-
tion. Likewise

-1 - e f[(R/c) ! t for t >0(1/p) exp [-211/6) V'- -P
0 fort < 0

with

= 2/ exp (- u 2 ) d"0
I Finally

F y A(t) = (2/cr) (1 - 8 [(z/c) "r"T) - (Z/R)] [1 - 8 (R/c) -r'aT)] (16)

For t=0 (co)=l A(0)=0
t = co (0) =o A (co) =(2/cr) (1 - z/R)

Having determined the function A(t), the so-called transmission function, we find the value of
the field 11 [CARSON, 1929]

=fl A(O)I(t) + -v)(aA/av)dv

Since A(O) = 0
H t

H =J (t - v) (aA/av) dv ................... (17a)
0

M) where I is the excitation function given by (1,. On the other hand,

a/iv =(2z/rcA) 3cr/v2 exp [- (z2/c 2 ) ir/v] - exp [- (Ric2 ) r /alv]

hence

H =(2z/rc 2 )M aJ {exp[ - (z2/c2) _oXv] - exp[- (R2/c 2 ) 7ra/v](t-v)3/2 }(e-mve-nV)dv

0 (17b)
We may express this in the form

Hg (4M/rc hi/) - (z/R) J2 e-m- [J3 - (z/R) J4] e-nt) .......... (18)

with /

JI=f ____ exp(-u 2 .mz 2roa/c2u2)du
.' +z/c) -Vr -07t (19)

2 2 2" " exp( u +mR 7a du
R/e) at

. (See two additional equations on next page)
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2 2
3 J(zc) V exp(-u t (19)

S4 R/c)=f  F~7iexp (- u2 + nR2 Tcr/c 2u2 ) dul(R/c) 'K t

(See two additional equations on preceding page)

For z = 0, we find H= (2M/cr) (e-mt - e-nt).

This expression represents the magnetic field of a rectilinear current in air at distance r
irom the conductor. M (e-m t - e-nt) is the intensity in this case. H is expressed in electromag-
netic units and M in electrostatic units.

The above relation, together with (7) and (8), enables us to compute the current densities at
any point on the Earth's surface. The surface current density 'r (z = 0) and the current density
Iz (r =0) are given by the formula

-r =(M/r2 ~ 5 -mt ent]AT W Mr .)[2 (r) e -o -J4 (r) e - ]

...e...J...... (20)

z = (2M/z2r1-5)[J.(z)e -mt -14 (z) e-nt]
if

J -() U exp(- u2 +m z c/c2u2) duS -'(z/c) ~xrt(1

41 ... .. . (21)
() /____uep-2  2  2 a /c2u2) du

Interpretation--Figure 1 represents the variations of 2, 14, J2, J' as a function of r or z
for o" = 2 x 109 cgs at times t =2 x 10-6, 5 x 10-6, 10-5, and 2 x 10-5 after the beginning of the
discharge.

When r or z is very small, J2 J4 = VI/2 and = 14 = -r,/4. Under these conditions we _
see that I and Iz decrease as the inverse of the square of the distance, the process being similar

Xto the case of a direct-current flow in the ground.

The situation differs for larger values of z or r, since these quantities are not constant, and
the skin effect intervenes. This becomes all the more pronounced as t increases, especially for
J4 and j. Finally, in (18) and (19) we see that nothing is changed, that is, when the time remains
constant, the products r or z V also remain constant. At a given distance. from the zero
point, the skin effect becomes more perceptible since the ground is a better conductor. Thus the
skin effect limits the depth of the cur rent's penetration and retards its flow.

Table 1 gives the results of computations for Iz and Ir for o- = 2 x 109, which corresponds to a
IAN high value for the ground conductivity and to a mar'zed skin effect. I represents the current density

compted for a current of a constant intensity equal to the maximum intensity at the moment in
question. In view of their romplexity, the computations give only an approximate order of mag-nitude. They have been carried out for horizontal distances and depths not exceeding 10 m. To
pursue these computations further is not necessary since with increasing distance currents become
too weak for the resulting voltages to have any practical importance.

A:
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r or z. CM9-; 3 Fig. 1--Variations of J2' J41 J., and 4 as a function of r or z) o* = 2 X 10 ,

"- ' !(a) t = 2 x 10 - 6 , (b) t = 5 x 10 - 6 , (c) t =10 - 5 , (d) t = 2 x 10-5

In general, the entire process occurs approximately as in th case of a constant current.

Deviations appear only for distances greater than one meter and have the effect of decreasing
the corresponding intensity by lengthening the duration of the current wave.

Let us assume that the ground has an electric conductivity comparable to that of metals. The
electric current flow in the Earth will then be retarded so much that the duration of the lightning
wave becomes negligible in comparison with the duration of this flow. Under these conditions we
can write (17) in the form

H = I (t - 7-) (aA/et) dt = (aA/at) f i (t - 1') dt
0 0

where the term aA/at can be considered as a constant in the interval 0, '. The integral repre-
sents the total charge Q during the discharge. According to (17b) we will have in this interval

H = (2z/rc2 )( V-/t0 '5 ) (exp [- (z2/c2) wo/t] - exp [- (R2/c 2) IotI} q
where t represents the time computed from the beginning of the discharge. Of course, t is al-
ways greater than r, the duration of the discharge. According to (7) and (8) the density of the sur-
face current Ir and the current density Iz will be given by

z 4g
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Table 1--Values Of Ir, Iz, and I for four values of t

cm
50 I. 1.08 1.49 1.34 0.707

~1 0.908 1.36 1.29 0.712
I 1.08 1.46 1.33 0.700

5 0 -V42 Ir 0.535 0.743 0.671 0.354
1z 0.421 0.773 0.633 0.357
1 0.540 0.730 0.660 0.350

100 Ir 0.263 0.370 0.337 0.178
TZ 0.182 0.309 0.309 0.179
1 0.270 0.370 0.330 0.170

200 Ir 0.058 0.091 0.085 0.059
Iz 0.031 0.063 0.071 0.045
1 0.136 0.185 0.167 0.044

500 1r 0.004 0.012 0.0V3 0.008
Tz 0.003 0.005 0.007, 0.005
1 0.010 0.014 0.01,3 0.M0

1000 Ir 4.8 )( 10-5 0.001 0.002 0.002
Iz 6.0 x 10-7 2.0 x 104 7.5 X 10-4 1.3 X -
1 2.6 x 10-3 3.5 x 10-3 3.2 x 10- 3  l." x bo- 3

N(47r/c) Iz = (4z a l.5/c 4 t2.5) exp (-z 2 lro/c 2t)Q

(4 7r/c) Ir =(2 -Vo*/rc2 tl[5 - exp (- r2 W~/~)

where o(r 1016 electrostatic units and t = 10-4 sec. lz is reduced to 1/12 of its value at a depth
of one cm, while Ir varies inversely as r as soon as the value of r reaches several centimeters.
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AN ANALYSIS OF ELECTRIC FIELD AFTER LIGHTNING DISCHARGES

Yuichi Tamura

Geophysical Institute, Kyoto University
Kyoto, Japan

Abstract--The analysis of the electric field after a lightning discharge is based on a
followlng setof simple assumptions. A thundercloud is represented by a vertical dipole
of positive polarity. The electrical conductivity of the atmosphere increases exponentially
with height, and is not altered by the presence of the thundercloud. The electromotive
force in the thundercloud is represented by a constant current generator. It is assumed
that an electric field consists of three parts. The first is the field due to charge in each
pole which increases at a rate depending on electrical conductivity of the air at a height
of the pole- the second, due to space charge which grows with charges in the poles; the
third, due fo free decaying space charge which is released after a lightning discharge.
Characteristic dissimilarity of the form of the field recovery curve, observed after a
near discharge to that of distant discharge, is well interpreted by this analysis.

Introduction- -One of the most interesting features of the records of the electric field during a
thunderstorm is the 'recovery curve' of the field which follows a lightning discharge. Among many
types of the field recovery curves [see WILSON, 1921; SCHONLAND, 1928; WORMELL, 1939;
TAMURA, 1949], the simplest approximates an exponential form which is usually seen when a dis-
charge is sufficiently distant. The characteristic feature of this simple type has been regarded as
an important clue yielding an information about the manner of separation of charges in thunder-
clouds. A suggestion relating to such simple recovery curve was initially put forward by WILSON
[1921] in the following manner. In a thundercloud there presumably exist carriers of opposite
electricity having sizes distinctive to the sign of electricity they carry. In the cloud, originally
neutral, vertical separation of charges will begin owing to the relative displacement of these
carriers under gravity. Under such circumstances the rate of accumulation of charge is not con-
stant, but becomes less as the accumulation progresses, because two kinds of retardation may act;
one as an effect of an electric field in the cloud against further accumulation of charges, and the
other as dissipation of charges by conduction. Assuming the rate of accumulation, with no retard-
ing effects, to be constant and each retarding effect proportional to charges accumulated, it will be
seen that the charges have to increase exponentially with time until a lightning discharge occurs.
Further, if the distance bet-ween oppositely charged volumes remains unchanged, the charges them-
selves will be propnrtional to the electric moment (defined as 2 x charge x distance between opposite
charges) of the cloud. Since the electric field intensity, neglecting the fine weather field, observed
on the ground at sufficiently remote distance from a storm, is proportional to the electric moment of
the cloud, t.e form of recovery curve of the field is also exponential having a time constant equal to
that of charge accumulation. Wilson's suggestion has further been emphasized by WORMELL [1939].
As far as the elementary process of charge generation in thunderclouds is concerned, theory of Simp-
son differs from Wilson's. They, hovever, are in agreement with respect to the manner of charge
separation [SIMPSON, 1927].

Meanwhile, there is a point of view that the atmospheric electric field be considered as a field
accompanying an electric current rather than a static field. This is substantial if the spatial varia-
tion of electrical conductivity of the atmosphere is taken into account. In recent years KASEMIR
[1950] has discussed various atmospheric electrical phenomena in such atmosphere and has made
a remark relating to the recovery curve of a field after a lightning discharge. ROLZER and SAXON
[1952] have estimated the electrical conduction current in the vicinity of thunderstorm under equilib-
rium condition, assuming the atmospheric conductivity increases with height.
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In the present paper the analysis of the elec-
tric field due to a thundercloud after a lightning Ne storm
discharge is attempted under the assumptions
that a simple dipole cloud is imbedded in the
atmosphere, the conductivity of which increases t
with height, as postulated by HOLZER and SAXON Dstartt storm.
[1952]. The analysis is further used in an inter- --y...----
pretation of recovery curve of field.

U_

Characteristic features of recovery curves-- 3 Y1+

Records of the electric field at the ground during ti t2 t 3  t+
a thunderstorm of positive polarity in which, as Fig. 1--Schematic representation of field
often experienced in the later stage of storm recovery curves
activity, intracloud lightning discharges of simi-
lar scale occur repeatedly is schematically represented in Figure 1. At times tl, t2 ,."', the
n + 1st, n + 2nd,... discharges occurred respectively. The upper figure corresponds to a near
storm and the lower figure corresponds to a distant storm. In the former case, discharges occur
when the electric field is in a diminishing stage and sudden field changes accompanying discharges
are positive; while in the latter case, discharges occur some time after the field has attained its
stationary value and sudden changes are negative. The definitions of the near and the distant storms
are somewhat ambiguous, It may rather be distinguished by the forms of recovery curves. However,
consistent with the experience of the writer, the discharges within seven km and beyond 15 km will
be called near and distant, respectively. At intermediate distances from discharge there must be
a boundary where sudden field changes reverse sign. The field recovery curves at these distances
are somewhat complicated. In Figure 2 examples of records of near, intermediate, and distant

-

100-

0-

-100-

100- o=O
0- r r

Fig. 2--Examples of electric field of thunderstorms (observed at Kyoto); the
upper record is for near storm (16h 10m-16h 34m, Aug. 16, 1944);
the values in the record are distances of flashes measured from
lightning-thunder interval; the middle is for a storm at intermedi-
ate distant (19h 51m-20h 03m, July 25, 1950); thunder was audible;
the lower is for distant storm (20h 36m-21h 00m, Sept. 1, 1943);
no thunder was heard

-"
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storms obtained by means of the rotating collector devised by HASEGAWA [1940] are reproduced.
Although they are not the bimultaneous records of same flashes, the recovery curves shown are
characteristic of the respective distances. Therefore, the correspondence shown ia Figure 1 is
conclusive.

It is of interest to examine, by employing a simple model of thundercloud and an atmosphere
of unifc-m electrical conductivity, whether the results of observation mentioned above may be
interpreted or not. One of the simplest models of a thunderstorm is a vertical dipole of positive
polarity, upposite charges being equal in magnitude. The charges are assumed to be distributed
uniformly in spherical volumes. In this case the electric field intensity on the ground at sufficiently
great distance from a storm, is proportional to the dipole moment. Further, if the charge positions
are assumed to be unchanged, the electric field intensity is everywhere proportional to the charge
itself. If after a lightning discharge, the charges accumulate exponentially with time, correspond-
ingly after a sudden field change which is positive and negative for near and distant discharge
respectively, the field recovery will show an exponential form with a time constant equal to that
of charge accumulation. Since these circumstances do not agree with observation in which the
recovery curve for near storm clearly is dissimilar to that for distant storm, the simple picture
employed above must be abandoned. However, one of the factors affecting the recovery of the field
will be mentioned here. It is quite probable that below the base of cloud, a positive space charge may
be introduced by a point discharge from the Earth's surface where a strong negative field prevails.
The dissipation of this space charge after a lightning stroke may have an important influence on the
recovery curve.

On the other hand, the most striking feature of field recovery is that of distant storm, as al-
ready mentioned, that a discharge occurs some time after the field on the ground has attained its
stationary state. In case the electric field within the cloud grows in direct proportion to the charges
in the poles, as assumed here, a discharge will occur when the field intensity reaches the critical
value, that is, the charge in the poles accumulates up to a limiting value. It is quite likely that this
condition, in general, will be attained when accumulation of charges is going on and not at the state
when accumulation of charges has ceased. Conditions of initiation of lightning discharge may be
quite delicate, that is, heterogeneous distribution of'charge may strengthen a local electric field
sufficiently large to initiate a discharge even when the general tendency of the field is still unfavor-
able for a discharge. However, it is very difficult to expect that discharge occurs some time after
the electric field intensity, or the accumulation of charges has reached the stationary state. For,
from statistical point of view, the general circumstance of the field will determine the chance of the
initiation of a discharge allowing a certain fluctuation depending on the heteroge.uity in the field.
Therefore, because atmospheric conductivity is assumed uniform, a serious diffiulty lies in em-
ploying a simple model of cloud. If, however, at the later stage of charge accumulation, an assump-
tion is made that the polar distance varies so as to keel. the electric moment constant instead of the
polar distance constant, then elect-ic field intensity at ren.ote distances from a storm will have
attained its stationary value in spite of the fact that the fie!, within cloud is still growing towards
the sparking limit. Since the characteristic feature of the field recovery curve for a distant storm
may be interpreted to some extent, this tentative way of thinking is not developed he:e.

Meanwhile, many years ago, an important factor relating to escape of charge from thunderclouds
was pointed out by WILSON [1921]. He stated that in a bipolar cloud, rate of dissipation of upper
charge will be larger than that of lower charge on account of the atmospheric conductivity is larger
at the top of cloud than at the bottom, especially he suggested that the strong electric field at the
top of thunder cloud (being assumed to be positive polarity) may drag down negative ions from the
upper conducting layer to make the conductivity of the atmcsphere much greater than fine weather
value. Although recent observations carried out by GISH and WAIT [19501 showed Wilson's sugges-
tion does not hold and that atmospheric conductivity over the top as well as in the vicinity of thunder-
clouds do not differ from that of fine weather, it may certainly be said that the thundercloud is im-
mersed in the atmosphere whose conductivity monotonical increases up to a layer higher than the
top of thunderclouds. Also, WORMELL [1939], in his detailed discussions on the recovery of the
electric field after a lightning discharge, has remarked that dissipation of the charges will

XNY7 ~



193

not in general be the same for both charges. But he did not further discuss its effect on
the recovery of the field.

According to the writer's opinion, one way possible to interpret the characteristic features
of field recovery, which have been emphasized above, is to take account of non-unmform atmospheric
conductivity instead of uniform, as GUNN [1935] and HOLZER and SAXON [19521 employed in their
studies on electrical phenomena of thunder storms. In these circumstances, space charge outside
the poles should play a role on the electric field. In the following paragraphs an analysis of the
electric field after lightning discharges is attempted from this standpoint.

Model of a thundercloud, and assumptions- -The analysi6 ib bsed on a following simple model
of a thundercloud, and fundamental assumptions. In Figure 3, A and B represent positive and neg-
ative poles of a thundercloud respectively forming a ve:tical dipole fixed in the atmosphere. A'
and B' are the image of A and B respectively. Separation of eleetricity is assumed to be constant
rate, that is, electromntive force is equivalent
to a constant current generator terminals of which
are A and B. The electrical conductivity of the Z
atmosphere is assumed to increase exponentially

with height and not to be altered by the pres A
ence of thundercloud. , 2 kz

The coordinate system employed is cylin- lZ B -
drical (r, z); the upwardly directed axis of the z- o Ground. r
dipole is taken as z-axis and its intersection
with ground is taken as the origin, centers of
A and B being (0, zl) and (0, z 2) respectively. B' +
Dimension of A and B are assumed small rel-
ative to z1 and z2 ., K f -

Effect of the upper conducting layer which
is found as high as several tens kilometers
above ground is ignored, and the normal fine Fig. 3--The model of thundercloud
weather electric field is also ignored.

Analytical treatment--As the equation to be solved is, as shown later, linear in form, it may
be treated, conveniently, in the case of a single pole; when two poles are present the solution is
given by superposition of the solution for each pole.

At first, total charge Q as a fur.ction of time t, in the positive pole will be considered. Let J
be total current supplied to the pole, assumed constant. The total conduction current from the pole
to the atmosphere will depend on the electric field intensity as well as on the conductivity at the
surface of the pole. But, as the dimension of the pole is assumed small relative to its height, the
effective conductivity may be represented by al which is the conductivity at the height z1 . Then,
putting A1 = 4"/t- 1 and Qs = Jo/l

Q = Qie + Qs(l - eIt) .................... (I)

where Qi and Qs are initial and stationary value of Q respectively.

The electric field intensity Eqs due to Qs at any point P(z, r) in the atmosphere excluding the
region of the pole is represented by its components

Eqsz = Qs(Z - Zi)/R3 - (Z + Z, )/R' 3J (.~s .. . . .. . . (2)
Zqs,r = Qsr(! / R 3 - i/R' 3)

.s r s A%
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where R = [(Z - ZI) 2 + r 2]0 .5 and R' = [(Z + Z1)2 + r2]0 "5 , if variation in conductivity is neglected.

Similarly, field intensity Eqi due to Qi is

Eqi z= Qi[(Z -1 (Z + ZI)/R' 3 ]..

Eqi, r = Qr(l/R3 - 1/R' 3 ) .

Therefore, the field intensity Eq due to Q is

Eq = Eqie - Xl t + Eqs(l - e- " l t) .................... (4)

Let i be conduction current density, E electric field intensity, p space charge density and a-
conductivity of the air. Then following relation hold at any point P(z, r) in the atmosphere except
the pole under consideration

div i = -ap/at ......................... (5)

snc i rE and div E = 41p

div (aE/at +XE) = 0 ....................... (6)

where 47ra is replaced by X.

Special integral of equation (6) is

aE/at + AE = 0 ......................... (7)

Eq. (7) is satisfied by

E = Eie-"t ............................ (8)

showing that the initially existing field decays as e- Xt.

General integral of (6) is

aE/ t + XE = XE,(Z, r, t) ...................... (9)

where Ea is arbitrary vector satisfying the relation div X;Ea = 0, and must be determined so that
E satisfies the initial and final conditions as well as boundary conditions in the problem. These
conditions are as follows:

(1) at t = 0, E = 0 and aE/at = X E s; this condition means if there is no initial field, consequently

no charge is found anywhere, the initial rate of field change must be determined by the initial rate of
charge accumulation in the pole; (2) at t-i'c, E -*Es (Es is the final value of E); and (3) at any time,
E must be vertical at the ground and vanishes at infinity, and the relation Q = Qs(1 - e-Xlt) always
hold at the pole.

SZ Then EOC is found as

XEX = AEs (l - e-Xlt) + xlEqs e - ; lt .................. (10)

where Eqs is given by (2).

-- qs
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From (9) and (10)

OE/Ot + XE = E1 - e-)ll + X Eqse - i t ................ (11)

Eq. 11 is satisfied by

E =E s1t - e-'it + [A 1/A- )](e-'Xt - eMX)) Eqs[XAi)k, - ),)](eXl~t - e-'t)j......(12)

If at t =0, E = Ei, solution of (11) is

E Ele-"t + Es {1 - e + [e 1/(A1 - A)](e -A - Eqsf l /(Ai - )(e-lt - eXt)"" (13)

putting E = Eqs + E ' where Eqs is the field inten.Aty due to the charge in the pole at its stationary
Etate, and E s s the field intensity due to space charge in its stationary distribution; (13) is con-
veniently expressed in the other form as

E =E(1- e At + E I - eXit + / )J(e XIt - et) + Eiet ....... (14)

Eq. (13) or (14) is general result of the present analysis indicating, as (14) shows, that the electric
field consists of three parts; the first is the field due to charge in the pole, the second is the field
tue to space charge, and the third is the free decaying field. Es the final value of the field intensity
is obtained from the relation

div XEs = 0 ........................... (15)

Using the fundamental assumption of the conductivity of the atmosphere, that is o = voe 2 kZ, (15)
becomes

div Es + 2kEs, z = 0 ........................ (16)

where Es, z is vertical component of Es.

This is equivalent to the equation which HOLZER and SAXON [1952] have derived and solved, namely

V2* + 2k ao/az = 0 ........................ (17)

where 0 Is potential of Es .

The solution of this equation to fit the present aim is

0 = Qoe-k(Z-Z1)(e-kR/R - e-kR'/R) ................... (18)

then the electric field intensity Es is easily obtained.

Puttin6 z = 0 and A = Xo, (Xo = 47ro) in (13), electric field intensity at the ground is given by

E= Eie-)Lot + Es{1 -e - Xl t + [X /(X1 - Ao)](e - Al t - e_' } - Eqs[A1/(A1 - xo)](e;l t - e-'O (19)

with

Es = (-ao/aZ)z=0 = 2 Qse-k(R-Z1)[kZ1/R2 + Z1 /R 3 ] .............. (20)

Eqs =-2Qs Z/R3 ......................... (21)

where R =(r 2 + z12) 0 "5 .
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Corresponding to (14), (19) becomes

E = Eqs(1- e-'lt + Eps e- lt- [x1/(X1 - AO)j(e> e-°} + Eie - O t .... (22)

Numerical calculations--Numerical values are taken as: z= 7 kin, z2 = 5 kin, the height of
positive and negative pole respectively; r = 1.8 x 10-3 esu, a2= 1.2 x 10-3 esu, the conductivity
of the atmosphere at the height 7 kn and 5ki respectively, assuming Xo = 4 x 10-4 esu and k = 0.11
per kin; and Q. are 80 coulombs and -120 coulombs for upper and lower poles respectively, assum-
ing To = 1.81 ampere.

Calculations are confined to the electric field at the ground, because only ground observations
are used for comparison.

Stationary state: The electric field intensity at a stationary state Es, which must be attained
if no lightning discharge occurs, is calculated from (20); Eqs, the field intensity due to charge Qs,
is calculated from (21); then E = Es - Eqs is the field due to space charge in stationary state.
These magnitudes at various distances from the origin are given in Table 1.

Table 1--Stationary electric field intensities at various distances

Qs = 80 coulombs at z 1 = 7 km Qs = -120 coulombs at z2 = 5 km
r Eqs (v/m) I Es (v/m) Eqs (v/m) E (v/m)

km 2
0 294 X 102 520 x 102 -864 x 102 -134 x 102
4 192 x 10 324 x 102  -411 x 102  -601 x 102
8 838 X 10 122 x 10 -129 x 10 -161 X 10

12 376 x 10 444 x 10 -492 x 10 -496 x 10
16 189 X 10 174 x 10 -229 x 10 -179 X 10
20 107 x 10 744 -124 x 10 -721
25 576 273 -652 -260
30 344 110 -384 -102
40 150 204 x 10- -165 -185 x 10-1
50 783 x 10-1  476 x 10- 2  -850 x 10-1  -384 x 10-2

It will be worth while to note that space chargo strengthens Eqs near the storm and weakens it
at great distances, this effect is very large at great distances.

Rising state: Electric field intensity in the rising state is calculated from (22). Examples of
these magnitudes varying with lapse of time are given in Table 2. In these calculations the initial
field is assumed to be zero. The corresponding magnitudes of Eq are also given in the table.

The following will be noted. If the case of single pole is considered, the effect of space charge
on the electric field is not negligible even in the earlier stage of charge separation; while the case
of two poles forming a dipole, space charge does not affect the electric field much. Therefore, it
may be said, at least in the earlier stage of charge separation, the electric field due to a dipole is
determined as if the dipole were in the atmosphere of uniform conductivity. It is important, how-

ever, to remember that each pole has charge of opposite sign, but in general of different magnitude.

Field recovery curves: To obtain field recovery curves which are the graphical relation of
electric field intensity versus time after a lightning discharge, numerical values given in Table 2
are available. However, it is necessary to make scme assumptions as follows: (1) lightning dis-
charges occur between charges in the upper and lo er pole; no cloud-ground discharge nor lightning

Mn-.. '- - vj .- ~---v -*- ~ -
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Table 2--Electric field intensities (v/m) versus time (second)

at r = 0 km at r =50 km

tjEq E I Eq_ E_ E E+

- 0 0 0 0 0 0 0 0 0 0 0
10 5970 6130 -12100 -12400 -6300 15.90 15.38 -11.90 -11.41 3.97
20 10700 11200 -22600 -23300 -12100 28.52 26.83 -22.16 -20.94 5.89
30 14500 15400 -31500 -32900 -17500 38.62 35.60 -31.03 -28.67 6.93
40 17500 19100 -39100 -41600 -22500 46.67 41.59 -38.51 -34.29 7.30

S 50 13900 22100 -45800 -49500 -27400 53.09 45.81 -45.05 -38.80 7.01
60 21800 24800 -51400 -56300 -31500 58.18 48.47 -50.58 -42.22 6.25

-M 70 23400 27100 -56400 -62600 -35500 62.25 50.18 -55.42 -44.86 5.32
80 24600 29100 -60600 -68100 -39O0 65.46 50.96 -59.59 -46.78 4.18
£ 25600 30800 -64100 -73000 -42200 68.12 51.21 -63.16 -47.96 3.25

100 26400 32400 -67200 -77500 -45100 70.16 50.74 -66.22 -48.70 2.04
11- 27000 33700 -70000 -81700 -48000 71.80 50.00 -68.85 -48.85 1.15
i 0 27400 34800 -72200 -85300 -50500 73.13 43.08 -71.06 -48.76 0.32

Eq+ represents the field due to the positive pole, E+ represents the field due to
the positive pole with space charge accompanying it; E . and E_ are corresponding
fields for negative pole; E(= E+ + E-) is the resultant field.

totards atmosphere occurs; (2) in a lightning discharge half of the total positive charge in the
upper pole and a corresponding negative charge in the lower pole are neutralized; (3) space charge
outside the poles Is not affected by a lightning discharge; (4) lightning discharges occur with a con-
stant time interva!, this is the time taken for accumulation of positive charge to a specified quantity.

Together with above assumptions, the following remarks become important. It can be said
A in (22), the electric field intensity due to space charges, namely E~ = EDS1 e~x1t + [X/x-

(e':iLt - e-10t)} , always h- - ~- accompany that due to chanempok namefly E = Ejs(l - e-Xit).
kerefore, when a discbarge 't t = ,fE= is(1 -e t) changes suddenly to E = E "
(1 - e-11o), where T >72tO, U. generation of Eq tliereafter will be represented by

q = E~eX l (t- 1) + Eqs[1 - e- '1( - )j = Eqs[I - eX11(7o+t-r ......... (23)

Consequently, at the instant of the flash, Ep Is divided into two parts; the one is accompanying
Eq, and the other, the free decaying part. They are

Ep =Eps{1 - e- 1(7 o - - +t) + [l/(Af- Xo)][e - 1(o - 7t4) - e -xC'o- 4t)]) .... (24)

Efre =E~e x ° (t - 7r  (5
wherejree Efe~ ... .......................(25)

where

E E e eX + [Il/(x1 - X0)(e- - e-Xl7r - e-"oT + e

Putting t' = - 7, after the discharge E is represented by

nE Esle + E 1 - eXi*ot + PLX ;kIe-xl(7O+t) -(26)(-o

[1 - eE(T o41 e--,(Lot,)

- Ee + ;e .......................................... (26)



O198

In practical calculations it is convenient to select the instant of a flash as a new origin of time,

consequently initial conditions must be selected such as, at t' = 0, E = Eie-O +V

Now recovery curves of the field will be found as illustrated in Figure 4 (this corresponds to
the case of the field at r = 50 km, the lightning interval is about 74 sec and there is no field initially).

I E+ E7

--\ cI'

-2D

Secon8 40 go 120 160 200 240

Fig. 4--Method of drawing field recovery curves

Curves Eq+ and E+ represent the electric field due to the positive pole and that due to the positive
pole with space charge accompanying it respectively (see (22)); curves Eq- and E_ represent cor-
responding fields for the negative pole; curve E represents the resultant field (E+ + EJ.

It is assumed that half of positive chmge in the upper pole and corresponding negative charge
in the lower pole are neutralized at t = 100 sec. Then, E+ changes from a to c, correspondingly
Ec._ changes from cc to 7 (6i= (85/1.5 x 78.3) x aE, referring to Table 1). Consequently E changes
from e to f (e = ac - W ). After the discharge each field which was formerly represented by Eq+,
E+, Fq_, and E_ will grow along E'+, E, E _ and E _ respectively in the same manner as if the
former started from m, n, and Wespectivlely. The resultant field E'(= E' + Ef) wi' grow start-
ing from g. The magnitude of electric fields released by the discharge of positive and negative
char-g _ es in the poles arec---d - iE and a- -y6 respectively, therefore, total released field is -
+ a- which equals- . Then the magnitude - W is the initial value of the free decaying field
released by the first discharge. The resultant of E' and the free decaying field is the field recovery
curve after the first discharge as represented by E (after 100 sec).

The second discharge occurs at t = i74 sec. At this instant, as in the case of the first discharge,
E+ and E_ change from a' to c' and a' to -f' respectively. Consequently E' changes from el to fP or
EcVmaes'lrQm i to j (e'P = i'j'). The curves Ell Ef, E&_ and Ef shown after the second discharge
have the same meaning with E, E+ E' and E_ respectively. The resultant El(= El + E5 growsstarting from g. Therefore, the maitude of -g'j' is the initial value (at t = 174 sec) ot the free

decaying field which consists of two parts, the one is released by the second discharge and the other
is remainder released by the first discharge. The resultant field of E"nd the free decaying field
are represented by E (after 174 sec) showing the field recovery curve after the second discharge.

By similar prot edures the field recovery curves after the subse-juent discharges will be obtained.

Using this graphical method, recovery curves for various values of r are obtained and shown in
Figure 5. In this case it is assumed a' t = 0, e.ectric field was absent and at t = 90 sec the first
discharge occurred neutralizing 35 coulombs ( 0.5 x 80 x (I - e- 4 1 X 1.6 × 10-3 x 9 coulombs).
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Thereafter the discharges repeated with the constant interval of 67 sec. Curves for r z. 0 km and
r = 20 km are representatives of near and distant storms respectively. Curves for r = 8 and 12
km are examples of storm at intermediate distances. These carves well represent the character-
istic features of those in Figure 1 as well as Figure 2.

r= 02 Kin.

:M r= j120 Kilt

Second- 120 160 200 240 280

Fig. 5--Field recovery curves at various distances (calculated)

Discussion--Relating to the mathematical analysis and numerical calculations performed in
the previous paragraphs, the following remarks will be necessary:

(1) The recovery curves in Figure 5 were obtained assuming that half of total positive charge
(and corresponding negative charge) was neutralized. In the case the tbtal positive charge is
neutralized, important features of the curves will not alter. Aiso, it is obvious that tr form of
the curves does not depend on the magnitude of supply current .o. On the other hand, the charac-
teristic features will depend on the interval between lightning discharges. For more frequent dis-
charges than assumed in the example, characteristic features of field recovery for a distant storm
becomes less marked, namely discharges will occur when the field is in rising state. This matter
is also the same in actual storms having very frequent discharges.

(2) It has been assumed the supply current Jo is constant. If this current diminishes owing to
the retarding effect of the electric field within cl6ud, instead of by (1), Q will be expressed by

Q = Qie - X t + Qs(1 - e-0L1+ t).................... (27)

where Qs = To/L +-Y) and -Y is a positive quantity depending on the retardation. This modification,
however, does not affect the course of the analysis rememb ering X1 be replaced by XI +-Y except
for free decaying term. For example, (22) is replaced by

Eqs(1 - e-(Xl+') + Eps 11 - e - (Xl + t + [( 1(X 1 +'Y -X)]
e (Xl +- t - e-Xk t} + Ei e - Ot ............................... (28)

where Eqs and E are X'/()1 +y) times those in (22). Resulting recovery curves will have similar
features to thoseshown in Figure 5.

(3) In case a simple dipole cloud is imbedded in an atmosphere of uniform conductivity, as pre-
viously pointed out by WILSON [19211, the following relation will hoid

LA cN N _--7
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(aE/at)t=° J° (2)

E Q

where (aE'/at)t=0 is initial rate of field recovery, E is the sudden field change accompanying light-
ning, I is the supply current in a cloud and Q is the charge destroyed by lightning. Since the left
hand side of (29) is measurable, as has been done by WILSON [1921], SCHONLAND [1928] as well
as WORMELL [1939], To/Q will be estimated by the observations of electric field on the ground.

According to the present analysis, corresponding relation is

(aE/at)t=o + XSE o .o
E=Q.......................(30)E Q

Eq. (2S) as well as (30) are obtained assuming initial accumulation of charge is absent. If
initial charges are present these relations will become more complicated in form.
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MAGNETIC-FIELD VARIATIONS IN THE VICINITY OF LIGHTNING

Harald Norinder

Institute of High Tension Research
University of Uppsala, Uppsala, Sweden

The investigation of the electromagnetic field variation in lightning strokes involves a problem
of considerable experimental difficulty. Two essentially different methods for such an investiga-
tion exist (a) the linear open antenna method [NORINDER, 1952], and (b) the closed antenna or frame
aerial method [NORINDER and DAHLE, 1945]. The variations using cathode ray oscillographs in
combination with an antenna system and aperiodic amplifiers are analyzed in both methods. When
an analysis is required to show details of the electromagnetic variation features of the lightning,
the open antenna method has drawbacks.

My intention here will be to give an account of unpublished results of the variations , he mag-
netic field recently obtained by the frame aerial method. The measurements were carried out dur-
ing the thunderstorm season of 1953 at the Institute of NiVgh Tension Research, Universi.ty of Uppsala.
In the investigation, two frame aerials have been used, the planu of one was perpendicular to and the
plane of the other was parallel to the Earth's surface. Hence it was possible to analyze both hori-
zontal and vertical magnet!c-field components. The vertical field components are the chief interest
of this paper.

The investigations have been carried out by using two separate field stations, one, Husbyborg,
situated at the Institute and the other, Funbo, at a distance of 12 km. One of the two measuring
stations used during the trials is shown in Figure 1. The oscillograllhic equipment of one of the
stations is shown in Figure 2.

Fig. 1--Field station, Funbo, for measuring magnetic-
field components from lightning strokes
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The signals have been recorded by applying
two different linear time bases with sweep times
of 100 usec or 5000 gsec respectively. The
main part of the lightning strokes was recorded
with the longer sweep time.

ABefore passing to a detailed treatment of
the results I am forced to make some remarks
with regard to the configurations of the light-
ning path. We must not forget that regular
forms are exceptions. Some photographs taken
by the French author, Sourdillon [1953], who has
used a method to photograph lightning paths in
full daylight, will support this opinion (see Fig.
3). As ci.- be observed by the photograph the
lightning paths are indeed very complicated. If
we are operating simultaneously with frame
aerials in vertical and in horizontal planes, we
will thus obtain very characteristic components
on both systems.

During the thunderstorm season of 1953
about 5000 oscillograms were obtained within
a distance of 20 km from lightning discharges.
A little more than half were too complicated
to permit an analysis. Our treatment has been
limited to about 2300 lightning strokes.

Some originals of the recorded oscilo- Fig. 2--Cathode ray oscillographic equipment
grams are reproduced in Figures 4 and 5. used for investigations
Evidently the variation phenomena that we
have to analyze are very complicated and it 13 always necessary to be very careful when analyzing
the curves.

The data gathered show such variation in form of lightning discharge that there is difficulty in
presenting them.

A survey of the distribution of polarities is shown in Table 1. We observe a very marked pre-
dominance (about 90 pct of the field forcevalues) with negative amplitude, indicating currents
from negative-charge concentrations. This is in full agreement to what has resulted from our earlier
investigations [NORINDER and DAHLE, 1945]. The unipolar positive values are observed in three pct
of the cases while discharges showing the same order of magnitude for both polarities occur in five
to seven pct of the cases.

The thunderstorm cloud considered as a machine generating multiple strokes with a pronounced
regularity follows from a glance at the sequences of multiple strokes passing in the same lightning
channel. This is exemplified by Figure 6.

Of interest are the field amplitudes of the predischarges as compared with the ones following
the main and partial discharges. The relations are in general varying between a few per cent and
in exceptional cases up to 20 pet.

Variation of the magnetic field characterized by a dlouble polarity where the variation in ampli-
tudes attain values of about the same order of magnitude are rather scarce.

N. %"-c Z" 'WIN.'.
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Fig. 3--Photographs of lightning strokes in Fig. 4--Original of recorded oscillograms
full daylight taken by Sourdillon showing used in investigations

complexity of discharge procedure

InaI

0 I p

Fig. 6--Recorded multiple strokes in
the same lightning path

Fig. 5--Original of recorded oscillograms
used in investigations A close examination of all available magnetic-

variation forms render the immediate impression
that they are characterized by rapid superimposed

variations either occurring only at the fore parts of the curves or extending along short or long parts
of the variation curve. Nevertheless there exist typical exceptions from the form mentioned where
the recorded magnetic-field variation shows a quite distinctive lack of any rapid variation. This type
must be caused by an integral effect originating from a lot of streamers between volumes with oppo-
site polarities. The discharge has sometimes the feature of a glow discharge, and sometimes con-
sisting only of repeated predischarges. Personally, during heavy night thunderstorms L, mountainous
regions in Switzerland, I have observed very extended volumes with the typical feature of a glow dis-
charge process. A second justification that we have to deal with glow discharges is based on the
very slow sloping fronts that are characteristic of the variation type mentioned.

.=<~k .%
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A Table 1--Distribution of polarity A general survey of the variation types of
the magnetic field results very often in curves

Stations: Husbyborg and Funbo 1953; vertical with superimposed and typical rapid variations.
frame; time base: 5000 gsec The successive steps have considerably varying

XI Ie TeDoe amplitudes and the time intervals between them
SvTotalary.

Item number Neative I also

pct pct pct The superimposed rapid variations can in
First
dis 934 90 3 7 other discharges be spread out over the whole

curve with a characteristilc stepwise starting
N Following development on the frontal part or over the whole

partial 1352 92 3 5 of the curve. Rapid variations are seldom located
discharges on the back parts of the curves. Sometimes a
Total and very strange form of the magnetic variation curves
averages 2286 91.5 2.9 5.6 has been obtained with jagged and great variations

extended over the main part of the curve.

In general the variation forms of the magnetic field are more changing than would be expected.

The analysis carried out of the distribution of the number of multiple strokes show that the
most frequent numbers in the same path are two and three. As many as 17 have been observed.

The use of a long time base o1 5000 usec
allowed measurements of discharges of an ob-

_ viously long duration with their half time values %
attaining up to 4000 /isec (see Fig. 7). Evidently
many of these discharges must be caused as an 20

integral effect from a number of currents con-
sisting of very weak glow discharges between
ionized volumes inside thunderstorm clouds. A

An analysis has been carried out in order
to estimate the percentage of the total discharge 0
time which has been covered by the superim-
posed rapid variations. The most frequent pe- S
riod covered a time below 20 pct of the total
duration of the curve. I

The superimposed rapid variations are W 2 3

N interesting from a special point of view. In SNF 953 Ve.cI Ira.

K the International Union of Scientiic Radio o b.s. SoooeS H- nwhd

(URSI) General Assembly a wave-length of
about 11 km was recommended as the most
suitable one for tuned direction finders adapted Fig. 7--Distribution of half-time

NO for locating distant thunderstorm centers. This values of duration
wave-length was determined experimentally.
The author has stated [NORINDER, 1952] in an investigation of the electric field components from
lightiing strokes that quasi-periodic wave-lengths of the values mentioned occur as superimposed
both in predischarges and in the main and partial discharges of lightning strokes (see Fig. 8). Hence
it is of a special interest to find out if such quasi-periodic superimposed rapid variations of wave-
lengths of the order mentioned also can be discovered in the variation curves from the magnetic
field. A test has been carried out dealing with the superimposed variations on the fore or frontal
parts of the magnetic curves. It showed (see Fig. 9) that the quasi-periodic wave-lengths which
occur frequently, are located between 7.5 and 20 km.

N U7N -
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The records obtained with the short time
12 base of 100 / sec permit the analysis of shorter% superimposed quasi-periodic variations. Curves

from the vertical-frame aerials have been used
and show an accumulation of wave lengths of 300

a- to 600 m.

The time during which the lightning current
4- will reach its peak value has always appeared as

an interesting problem. In the first place we will
consider the results using the time base of 5000

0 ji sec. In this case we will obviously be able to
1 20 30 40 so kc observe frontal rise time values of a very con-
25 Is 10 7.5 6 km L siderable length. The distribution of fronts show,

in fact, that the main part of the frontal times do
not exceed 200g sec. But values somewhat longer

Fig. 8--Quasi-periodic wave lengths as than 1000 p sec have also been observed. Evident-
measured by method of electric ly we have to deal with slow moving discharges of

field variations a glowing type between charged volumes without a
development of sparks in the usual sense. Some-

times the long durations of the frontal times may be caused by very long lightning sparks.

The slow moving time base variation did not allo)w an analysis of the rapid frontal variations
which are of special interest from many points of view, especially as they cover the fronts of the
shortest lightning sparks or discharges between charges of opposite sign. This circumstance has
caused us to investigate the frontal values by using available oscillograms from both vertical and
horizontal frames operating at a time base of 100 11 sec. Both the H and dH/dt method have been
used in this analysis.

The result is extremely interesting. The
values taken on horizontal frames showed very 2

short frontal values with the most frequently
occurring beirg two or three /i sec respectively. 20

The most frequent values as calculated from the
vertical components are from six to nine gsec 5 i=3ooot Ikml
(see Fig. 10). The dH/dt method agrees very well
with the H method. The values are in very good
agreement with what has earlier been obtained S
[NORINDER and DAHLE, 1945] when vertical
lightning strokes were measured. It seems to . . .
be to early to present a correct physcal ex-- 0 2a 0 5 6. 5 k

LO 20 )0 4 7 $ k

planation of why the horizontal components are
characterized by much shorter frontal values. St*. H .F *53. Vwtcal ftV".

The most plausible explanation appears to be T, q, b4ose 00 ja, f- ,d

that the horizontal components in many cases
are caused by short discharge paths as com-
pared with the discharges that are causing ver- Fig. 9--Quasi-periodic wave lengths
tical magnetic-field components. In this con- located in the frontal parts of
sideration the very long horizontal lightning discharge magnetic curves
paths are excluded. Their long duration requires
another measuring technique.

A statistical study has been made of the frequency of the occurrence of vertical components of
the maximal magnetic field where the values are collected from recorded discharges within the
sensitivity region mentioned before of up to 19 km from the stations. The most frequent values are

p ~M~ -J~ ,~.*. ~ -. ~ ~4 57
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W found below 50 x 10-4 gauss. Values as high as 200 - 300 x 10-4 gauss have also been measured
(see Fig. 11).

The ratio of the field force observed si- N
multaneously on the vertical and horizontal
frame aerials has been computed. The ratio A
is given for different distances in Table 2.
The horizontal frame records about 30 pct of 2

the field force taken simultaneously on a ver-
tical frame. 0

10 20 30 40

Table 2--Comparison between field force
values from vertical and horizontal ,r &": 4 t-

frame aerials

Station: Husbyborg; H method; time base Fig. 10--Analysis of frontal values by rapid
100 usec; 1953 time axis of 100 gsec obtained by vertical

i frame; both H and dH/dt methods were usedSLightning Amplitude ratio: Horizontal

distance frame/vertical frame The distances between the lightning strokes
km pet and the observation stations could be obtained
0-3 27.6 for a number of cases. These distances have
3-6 36.5 been plotted against the recorded variations of
6-9 22.5 the vertical magnetic field. It is well known
9-12 20.8 from earlier investigations that the peak values

of currents in lightning strokes vary within wide
limits [NORINDER and DAHLE, 1945]. From this it must be anticipated that the variation oi peak
values of the magnetic field with distance will show considerable scatter (see Fig. 12). A marked
decrease tendency of the amplitudes is visible at distances greater than six kilometers. The max-
imum value attained during the observation period was 250 x 10-4 gauss.

3kaw: H0 _w.~k - WO gusU1
i'm. bm:UCO° WwAg

A L00.
o .........

r- .o.........

I. .

10 5 f) 1520 km

Sation: H 1M. Verticg fra Fi. rst dsdw s .
uot~~ Turn. bms:WO~jsm tI-n~tod. Diatanon by vii. oWS

Fig. 11--Maximum magnetic-field variations Fig. 12--Scatter diagram of distance
recorded by vertical-frame aerial within versus magnetic field force
sensitivity range of 19 km from antenna using vertical-frame aerial

; Of greatest interest is an analysis of the magnetic-field variations taken simultaneously from
the same lightning discharge on two stations. In this we have used in our preliminary investigation

- the stations at Husbyborg and Funbo. More extensive measurements of this problem are under
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preparation. Some examples of the results thus
far obtained (see Fig. 13) show a very good
agreement. In an investigation that we are pre- 4.7 M

paring, an analysis of records will be under- 7 22 .

taken where the distances between the stations W

used will be diminished to about the half of
that mentioned. * r"

more extensive account of these nves- 0

tigat.:,:ts will be published in Arkiv for Geo- I '/7

fysik, Kungl. Svenska Vetenskapsakadeilen,
S t o c k h o l m . -, .

Summary--An investigation has been car-
ried out to analyze the variations in the mag-
netic field produced by lightning discharges.
The frame-aerial method introduced by the Fig. 13--Magnetic-field variations from the
author was used. Both horizontal and verti- same llghtning discharge recorded simultaneously
cal frame aerials were used to record the at two stations 12 km apart
respective components of the variations in
the magnetic field. The measurements were undertaken at two stations 12 km apart. Both stations
were equipped with specially constructed recording cathode ray oscillographs combined with ampli-
fiers. By an integrating circuit in the units the oscillographs recorded directly the variation curves
1 of the magnetic field. In some cases another recording method was introduced by which the first
derivative dH/dt of the magnetic field was obtained directly.

Within the measuring distances of up to 19 km from the lightning paths the investigation yielded
values of the magnetic field up to 200 - 300 x 10-4 gauss.

An analysis of the variation in the magnetic field was carried out either by using a rapid time
variation axis of 100 Msec or a slow moving one of 5000 gsec, an arrangement which permitted the
measurement not only of rapid time variations but also of extremely slow ones. The latter were
evidently caused by glow discharges between volume charges of opposite sign within the thunder-
storm clouds. The rapid variations were related to shorter or longer sparks in the lightning paths.

Simultaneous measurements of the magnetic-field variations produced by lightning discharges
with frame aerials in vertical and horizontal planes indicated that the amplitudes of the vertical
components of the magnetic field attained, on an average, only 30 pet of the horizontal components.

Simul taneous records of the same lightning discharges at the two stations situated 12 km apart

showed very good agreement.
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EXPERIMENTAL STUDY OF ELECTRIFICATION OF SNOW

Harald Norinder and Reinhards Siksna

Institute for High Tension Research
University of Uppsala, Uppsala, Sweden

Introduction--Electrification of snow is a phenomenon that has been known for a long time, but
the results obtained by the many investigators of it have frequently been contradictory. The problem
has recently been taken up for renewed consideration. There are two particular fields where know-
ledge about the electrification of snow may be of importance. The first of them concerns the so-
called precipitation static, that is, the electrical disturbances interfering with telecommunications
when an aeroplane flies through a snow cloud. Some of the results of such investigations are to be
found in publicatons of the U. S. Army-Navy Precipitation Static Project [U. S. ARMY-NAVY PRE-
CIPITATION-STATIC PROJECT, 1946]. Since practital considerations were paramount in this pro-
ject, the general problems associated with the electrification of snow were of secondary significance;
but the report nevertheless contains results of a fairly general importance. A more universal treat-
ment of the phenomenon in question is given in another report on precipitation static, from research
carried out on behalf of the U. S. Army Air Forces [SCHAEFER, 1948].

Another field, in which it is of importance to know the phenomena of electrification of snow, is
that relating to the production of electrical charges during thunderstorm conditions. CHALMERS
[ 1953] states that he has succeeded in extending the results of an investigation of electrification of
snow by friction carried out by PEARCE and CURRIE [1949]. He says that, as a result, he has suc-
ceeded in confirming the ice-friction theory of SIMPSON and SCRASE [1937] which was developed to
explain the production of the thunderstorm electricity.

It might seem that the problems associated with electrification of snow approach a status of
definite classification as a result of these recent investigations; but this is not the case. For one
thing, if the electrification of snow is investigated with a view to applying the results obtained to the
explanation of other phenomena, or for confirmation of a given theory, the problem will be considered
one-sidedly. And, secondly, experimental investigations with snow are not so simple as they might
seem to be, owing to various properties, mostly unknown, of the thing investigated--the snow itself.

A critical examination of the theories of charge generation in thunderstorms has recently been
given by MASON [1953] who states that 'during the last forty years, at least eight different mechan-
isms for the generation of electricity in thunderclouds have achieved prominence in the literature.
Too often theories have been formulated without sufficient regard to all the available experimental
data on the behaviour of thunderstorms.' It could be added that our knowledge of the experimental
data concerning electrification of the subjects related to the problem is not complete either, as will
be shown below.

One of the authors [NORINDER, 1949] has discussed the possibilities of the genesis of a special
type of atmospherics produced within snow squalls. The ideas considered in that discussion have
largely inspired the present investigation, but some additional points of view of a more general
nature were also taken into consideration.

The electrification of snow and related phenomena were investigated by measuring: (1) the charge
of snow when it is poured from a vessel into a funnel; (2) the charging of an insulated target onto
which snow was blown and the charge of the scattered snow; and (3) the charge in air due to blowing
snow.
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Fig. 1--Device for pouring-snow experiments: F, funnel; C, collector; Sc, screening vessel;
E, connector for cable to electrometer

Some experiments concerning electrification of snow

A detailed account of this part of the investigation will be found in papers by NORMNER and
SIKSA [1953b; 19541.

The electric charge on snow falling on a funnel--The device used is shown in Figure 1. Snow
was poured from a vessel into the funnel F. A cylindrical collector C was placed on the polystyrene
insulators I in the screening vessel Sc. The collector was connected with the Wulf bifilar electrom-
eter. The following vessels and funnels were used: metallic, paper-coated, and paper-coated, im-
pregnated first with water, frozen, and thereafter covered with ice by repeated immersion in water
and freezing.

Under ti,-e same conditions, snow was charged negatively when falling on metallic or ice surface,
and positively when falling on a paper surface (Table 1, Jan. 26 and 30, and Feb. 9), although under
other conditions it w~.s negatively charged when falling on a paper surface (Feb. 1). The same snow
thus received charges of a different sign depending upon the surface onto which it impinged. The
properties of the 'other partner' defined tha charge, and also the polarity, of falling snow. The mag-
nitude of the effect was further dependent on the structure of snow and on the temperature. At a
lower temperature the effect was larger.

I-- i;-" - ;
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2 Table 1--Electric charge in 10-10 coulombs per gram of snow poured into funnel

I I F unel

Date Weather Temperature Snow density Metal Ice Paper

1953 C
Jan. 26 ... - 4 0.5 0.38 (-)0.35 (+)037

...-... (-)0.29 ...

J an. 30 ... - 1 0.24 (-)0.7 (-)0.3 (+)1.3

Feb. 3 ... - 7 .22 (-)0.96
- 4 drifted (-)1.00

Feb. 5 strong - 8 0.25 (-)18A4 (-)1.0 a

wind (-) 8.6 ......
(-)15.2 ......

Feb. 6 win -12 0.29 (-)35. (-)0.88 a

(-)38 (-)0.95
(-)39.A (-).45

(-)oA2(-)0.93
(o1.19
(-)0.96

Feb. 7 wind -16 0.3 (-)21.0 (-)0.72 (-)1.56
old (-)23.0 (-)0.55 (-)l.36

gFenu- (-)22. . (-)1.35
lated (-)19.0 ... (-)1.44

.10 -. 3. (-)2.24
1.-12.4o

0.17 (-)29.0 (-)1.25 (-).20
fresh (-)26.6 (-)0.53 (-)0.12
soft

SFeb. 9 windless, -9.6 0.47 ()1.35 ... a

snow - old ()1.05 •...

falling granu- 1.15 ...
hatted

1.10 (-)0.39 a
- 0.7 (-)0.15-)0.94 (-)0.26

0.09 ()8.7 (-)1.45 (-)1.7

fresh ()7.1 (-)0.93 (-)1.5

()7.6 . .. Funnel
heated
up

... ... (+)0.67

... ... (+)0.58... ... (+).45

... ... (+)0.60

aIndefinite, collector discharged independent on the polarity of the charge at the beginning.
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Table 2--Charge on insulated plates of various materials when hit by blowing snow

Charge In 10-10 04- ibs. --r gram of snow
SPlat. beginning

Date Temperature Plate ( ) un-

charged-_ ca)rged charged

1953 c
Feb. 13 -10 Aluminium (+) 6.2

(+) 8.5
(+) 5.8 (+) 7.2 ...

Feb. 14 - 5 ... ... (+)12.2
.... (+)13.0

Feb. 13 -10 Pasteboard (-)40.0 (-)21.7 ...
(-)37.4 (-)23.0 ...
(-)36.1 (-)2.4 ...

Feb. 14 - 7 Pasteboard ...... (-)22.8
... ... (-)25.0

..... (-)29.6

... (-)25.6

Feb. 13 -10 Pasteboard (+)10.0 (+)18.6 (+)10.2
covered (+) 6.3 (+)13.0 (+)11.8
with Ice (+) 6.3 (W)11.7 (+)14.9

(+) 8.5

Feb. 14 - 7 Wood ... ... (-)13.6
* ... ... (-)12.4

..... (-)12.2
(-)14.6

Feb. 14 - 6 Bakelite ...... (-)11.9
S.. ... (-)11.8

... ... (-)11.2
(-)16.8

Feb. 14 - 6 Plexiglas ...... (+) 9.0
(+) 6.3

... ... (+) 7.1
(+) 6.7

The electrical charging of an insulated plate when blowing snow--A device for snow blast was
built as shown in Figure 2. Snow was poured into a metallic funnel F connected with a flexible tube
T. Air was blown into the tube by an electrically driven blower B. The device was suitable for
obtaining a jet of snow which could be blasted against different targets, for instance, against an
insulated plate. The plate was charged up to a comparatively high potential even when using smaller
quantities of snow. Short sparks were occasionally obtained from the plate. The charging of the
plate was measured by a Wulf electrometer E (Fig. 2 (1)). The charge of the large snow particles
scattered was measured in the collector C (Fig. 2 (11)). The charge varied depending upon whether
the plate was insulated or grounded (Fig. 2 (I1)).

N"'-. - . =.
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Fig. 2--Arrangement for experiments by blowing snow: _B, air blower; F, funnel; S, stirrer;
P, plate of various materials; Ins, polystyrene Insulators; E, electrometer; C, collector;

A Sc, screening vessel

-A A marked charging effect was produced when blowing a snow jet against different targets: metal
and pasteboard covered with ice were positively charged, and pasteboard, wood, bakelite were neg-
atively charged, but a still better insulator such as plexiglas was charged positively (Tables 2 and
3). The charge obtained on pasteboard and wood was extremely large. On the other hand, the charge
of a metal plate was highly dependent on the quality of the surface. A greasy iron plate obtained
greatly varying charges. A snow block obtained an enormous positive charge. At a lower temp.r-
attire the effect was larger also in these cases.

The importance of the surface--The experiments considered would seem to show conclusively
the importance of the properties of the 'touching' surfaces. This Is even more pronounced, as shown
by experiments at temperatures near zero, when dry pasteboard and wooden plates were negatively
charged, while the charge changed into positive when the plates were moistened. A similar, though
somewhat less pronounced, effect was also observed on metal surfaces.

_' Chage of large snow particles scattered from the plate--One fact seems to contradict the con-
cetion considered, namely, that Ihe large snow particles scattered from the target when struck by

- a stream of snow were in all cases positively charged, irrespective of whether the target charged
by snow was charged positively (metallic surface, ice block) or negatively (pasteboard, wood) (see
Table 3). In addition it must be pointed out here that the large snow particles were neg-atively
charged only in one case--when scattered from a g ounded snow block. The charge of the scattered
large snow particles per gram of snow was generally larger than that obtained on the target per
gram of snow. But until now, the third possible 'partner' of the effect, the air (or the very snal!
snow particles in the air), has not been considered.

Electrical charges measured in the air while blowing snow
(Presented here for the first time)

Measuring the charces in the air--It was evident that in the presence of blowing snow, particles

IrA of small dimens-ons could be ex-pected to be present also in the air and it w rs not possible to collect

-"- r
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Table 3--Charge in 10-10 coulombs per gram of snowa of an insulated plate when hit by blowing
snow, and charge on larger snow particles blown awav from the plate and collected in a collector,

when the plate was insulate. ,nd when grounded

Charge carried by larger snow particles

i n s u d p e In s u late d e G r ou n d

1953 gC
Feb. 20 -2.5 Aluminium ... 60 b (+) 6

(+)48 ...

Pasteboard ... (+)130 b  (+),o b

(+)115b ...

-1.5 Snow block (+)44 b  (+)145 (-) 25 b

(+)55b (+)185b '  (- 36 b

Feb. 24 -2 Iron very (+) 1.1 (+) 3.8 (+) 1.15
carefully (+) 1.0 (+) 3.0 (+) 4.7
cleaned (+) 2.3 ......

-1.5 Pasteboard (-) 5.2 (+) 10.5 (+) 27
(-) 4.4 (+) 8.2 (+) 33.5

-1 Wood (-)10.2 ......
(-)12.2 ......

March 4 -1.5 Wood (-) 4.7 (+) 85 (+) 83
(+)106 (+) 75
(+) 72 ...

+1 Snow block (+) 0.82 ......
(+) 0.35 . .

March 5 -1.5 Snow blockC (+)5.5 (+) 3.2 (+) 1.6
(+) 7.0 (+) 1.9 (+) 1.8

aExcept as noted
bTotal charge in 10-10 coulombs of unimown quantity of snow
CCoarse-grained snow; snow block very dense

these suspended particles in the collector used. The charge carried by the small snow particles
mentioned, and possibly also by the air itself if ionized, may be measured as the net charge, as
done by others [PEARCE and CURRIE, 1949; STAiGER, 1925ab], but it would be advantageous if the
charges could be separated. The separation was attempted by measuring the charge in the air with
ion counters by which ions could also be measured if produced by the snow blast. The Ion counters
were those used at the Institute for measuring ions in the atmospheric air: an ion counter for small
ions equipped with a Weger condenser [SIKSNA, 1953] and an Israel large-ioa counter [SIKSNA,
1952a]. For the preliminary measurements the snow blast was arranged in a gap between the ob-
servation cabin, where the counters were placed, and a wagon beside It (Fig. 3). Thus, the space
where snow was blown was partially screened from winds; however, a little draught caused dif-
ficulties in obtaining an even 'snow atmosphere.' For the following series of measurements, there-
fore, an arrangement show.; In Figure 4 was used: the snow jet was blown into a test-room of 6.35
m3 volume and the air was sucked from this room into the above-mentioned ion counters placed in
an adjoining room. It was not possible to obtain an even snow jet during a long period of time with

_~ W X- .j% %-- .- ~-
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0 12m

Fig. 3--First arrangement for measuring the charges in the air with ion counters when blowing
snow: B, pipe of the snow blower; P, plate; W, small-ion counter with Weger condenser;

E, Ebert counter; Is, Israel large-ion counter; V, vacuum cleaners

the blower used, because snow is a material unsuitable for such manipulation. However, no pro-
tracted operation was necessary because the electrical state obtained in the test-room when a por-
tion of snow was blasted remained there for some time; indeed, it was transformed with time, but
the process of measuring was expected to separate the components of the whole phenomenon. The
measurements with the ion counters proved that charges of both polarities were present simultane-
ously in the air when blowing snow (Fig. 5). Sometimes the positive charge was predominant, some-
times the negative.

Interpretation of the results of measuring with the ion counters--As shown in Figure 5, the
shape of the charge-time curves obtained was similar to that obtained when measuring correspon-
ding ions. When charges are measured with an ion counter for small or large ions they can be
attributed with certainty as belonging to corresponding ions only if and when it can be assumed that
each ion has one elementary charge. This is not always true. In such cases an examination can be
per o-.med by considering whether corresponding ions could be present in the air under the given
conditions.

Charges measured with the small-ion counter when the controlling electrode is grounded--
Charges were also established by the small-ion counter when the controlling electrode of the con-
denser was grounded (no electric field in the condenser), and the needle of the electrometer moved
by leaps. The collecting electrode of the condenser may be charged under these conditions when
the concentration of ions of one sign is considerably greater than that of the opposite sign [SIKSNA
and METNIEKS, 1953]. This was not the case here. The charging observed and the moving of the
electrometer needle by leaps might be explained by assuming that the effect was due to the impact
of very small snow particles carrj .ag comparatively high charge on the collecting electrode. Two
causes prevented definite nieasuremeat of the observed leaps with the apparatus used: (1) the leaps
followed too quickly one after another, and (2) their magnitude was not great. The maximum leap
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0 100 200 cm

Fig. 4--Second arrangement for measuring the charges in the air with ion counters when blowing
snow: S, snow blower; T, test-room; B, suction box; W, small-ion counter with Weger condenser;

E, Ebert counter; Is, Israel large-ion counter; V, vacuum cleaners

estimated may be attributed to charge of approximately 700,000 e, yet smaller leaps were frequently
observed. A detailed investigation of the effect mentioned would be possible by using a more sensi-
tive apparatus suitable for speedy recording of the charging. However, it can already be noted here
that small snow particles with higher charge were collected with the small-ion counter from the air
while blowing snow. These particles were mostly charged positively. As an illustration of the phe-
nomenon observed a schematic reconstruction of the event is shown in Figure 6. A definite curve
may be obtained for negative charging at controlling potential Uc = -34 volts, the negative charge
being possibly due to negative ions; at Uc = -106 volts the charging is greater, but at Uc = 0 (the
controlling electrode grounded) the charging is positive and is shown by leaps. The following con-
clusion may be drawn from the observations: Small snow particles with larger, mostly positive
charge were present in the air while blowing snow, and these particles were indicated by the small-
ion counter.

Presence of atmospheric small ions in the air when electrifying snow--As shown in the first
part of this paper and in the preceding paragraph, electrified particles of snow may be obtained in
the air when blowing snow. However, it is not clear how a snow particle may be electrified in the
cases mentioned. It might be electrified (1) by friction with other snow particles, (2) by air friction,
and (3) by fragmentation. We have no evidence how great a part may be due to each of these proc-
esses. Nor can we explain how ions might be formed in the air by the processes (1) and (3). It
is hard to believe that considerable numbers of ions could be split from a snow particle by frag-
mentation. For the time being, the question of how a snow particle may be electrified must be left
open. Here, we shall assume only that charged snow particles can be obtained in the air when
blowing snow. As has been shown, the charge of a small snow particle can be comparatively large.

.0 If a charge of q = 700,000 e -= 3.5 x 10-4 esu were placed on a spherical snow particle of a diameter
2 r = 34 A, the field on the surface may be

E = q/r 2 = 30,000 v/cm

-_. _ __.-
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wa0R n 20 40 60 3 0 400 20 (nj 40Fig. 5--Number of elementary charges e per cm 3 in the air when the effect of the blowing snow
was measured with a Weger condenser (upper), and with an Israel large-ion counter (lower);

Ti is the temperature in the test room; TO, outdoor temperature

a value which is sufficient for creating corona discharge around the particle, and, as shown by in-
vestigations carried out at this Institute [NORINDER and SIKSNA, 1952 ab, 1953a; SIKSNA, 1952b,
19531, atmospheric ions are formed by the corona discharge. It is evident that the snow particle
with the charge q = 700,000 e established by us when touching the collecting electrode had a diameter
greater than 2 r = 34g, because corona was not expected from it, but particles with field on the sur-
face of E 2 30,000 V/cm might be expected to be present in the air in greater amounts at the instant
of separation of the electrified snow particles. Yet it is not easy to measure this higher initial
charge of the electrified particles. Moreover, the particle mentioned need not necessarily have a
diameter 2 r = 3411 for obtaining a field sufficient for corona. Some points on the surface of the
snow particle may have smaller curvature and so a corona field may also be obtained on larger
particles. References may be found in the literature [HENRY, 1953] to indicate that charge mea-
sured by static electrification of a body may be much less than that existing on the body during the
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Fig. 6--Schematic reconstruction of the charging of collecting electrode in the Weger condenser
when the controlling electrode was grounded (U = 0), and with potentials U = -34 and -106 volts

early stage of separation. The cause may possibly be found in dissipation of the charge ')y corona
in the surrounding air, as indicated by MEDLEY [1950].

Thus, it is highly possible that a corona will be formed around a snow particle during the early
stage of separation of a charged snow particle, and by the corona discharge, atmospheric small ions
may be produced in the air. This process could be regarded as a possible source for production
of atmospheric small ions in the air with blowing snow. Therefore, at least one part of the charges
measured with the small-ion counter can be considered as small ions. Unfortunately, it was not
possible to measure, with the arrangement used, the concentration of these ions sufficiently early
after the inblast. It can be estimated to be of the order 103 - 105 cm - 3 depending on the conditions
for electrification.

In addition, it may be noted here that references may in fact be found in the literature on the
dissipation of the initial charge by corona when electrifying a body by static electrification; but no
Indication is given, as far as we know, on the processes occurring in the air during the phenomenon.
It would seem that this subject is worthy of investigation. An indication of the presence of charges
in the air similar to those carried by small ions was also furnished by a phenomenon observed by
us during our eprlier experiments with snow [NORINDER and SIKSNA, 1953b, 1954]: the measured
charge in the collector (when snow was poured through a funnel), and on the plate (when blowing
snow), was larger when the collector or the plate had been discharged (collector or plate charged
initially with a charge of a polarity opposite to the charge collected) than when the collector or the
plate was charged, that is, when they had initia.ly had a charge of the same polarity as that of the
collected charge.

Interpretation of the mea.'urements with the large-ion counter--Interpretation of the results of
measurements with the large-ion counter is more difficult. When corona is formed around electrified
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snow particles it might be expected that large ions could also be formed in the air in addition to
small ions, as shown by our investigation of ions formed by corona [NORINDER and SIKSNA, 1952ab,
1953a; SIKSNA, 1952b, 1953]. However, the conditions may differ from those used by our corona
investigation in case of electrified snow particles. Therefore, only part of the charges measured
with the large-ion counter in air when blowing snow might be regarded as large ions with only one
elementary charge. The predominant part of the charges measured must be attributed to particles
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- Fig. 7--Number of elementary charges e per cm 3 in the air when snow was being blown,

~measured with a Weger condenser (upper) and with an Israel large-ion counter (lower);
Ti (below zero) is the temperature in the test room; To, outdoor temperature
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with greater than e charge. Indeed, these particles have a distribution greater than the mobility,
as shown by the measurements when alternating the adjusted limiting mobility k, of the large-ion
counter (Fig. 5, 7, and 8). It must be pointed out here that under certain conditions Immediately

t-'L75 +n- - 00

. 1 o +o6 o.II t• I I $Wei2

2300g K1l :w, d :1"-1

_M+5 04 0

I/ I+ Tw4a,CJ I I + 11 W asii

40 &o 2o

= ~Fig. 8--Number of elementary charges e per cm3 in the air when snow was being blown,
measured with a Weger condenser (left), and with Israel large-ion counter (right);

Ti (above zero) is the temperature in the test rooxm; To, outdoor temperature

alter inblast of the snow jet the number of charges measured with the large-ion counter adjusted
at higher limiting mobilities k,(with lower potential c in. controlling electrode of the condenser)
is greater than that at lower limiting mobilities (at higher potential of the controlling electrode)
(Fig. 7). This fact indicates that the end effect of the condenser was acting during this stage of the
measuring process [SIKSNA, 1952ab]. Also, from the time trend of the curves for the lower k=
0.8, 1.13, 1.61 x 10- cm sec-1/volt cm- 1 (Fig. 7) it may be seen that the predominant part of the
charges measured must be attributed to particles with a charge greater than e. Throughout the
period of measurement air was sucked from the test room at a speed of 200 .&/min mainly through
the Ebert ion counter joined to the suction box for maintaining a sufficient replacement of the air
in the suction box. The suspended charges must be removed from the test room with the air. In
fact, the curves for the charges measured at the lower k~did not decrease with time but remained
on the h!gh level for several hours, especially at a lower temperature in the test room. A kind of

~aggiomeration of the charged particles may be the cause of this event. A more definite insight into
- this problem could be obtained by counting the particles by a method under preparatiox.

Ageneral note must be added here. No difference of importance has been observed in the
feature of the curves for positive and negative charges, nor was there any major difference whether
the outlet tube of the snow jet was metallic or covered with ice.

Results of measurements at a higher temperature in the test room--A certain change of the
shape of the measured charge-time curves was observed when +he temperature was higher (above
0) in the test room. An example is shown in Figure 8. The first remarkable fact noted here was
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that very large charges (up to 30-40 X 103 cm - 3 ) were measured with the small-ion counter at the
beginning. Moreover, the charges measured at the grounded controlling el*.ctrode were also great.
The curves obtained with the large-ion counter decreased more speedily wi,. e. This last effect
might be explained as follows: the small snow particles which may agglomerate uad ceased to exist
at temperatures above zero. For the large charges measured with the small-ion counter the follow-
ing consideration may be taken into account. The contact of the individual snow particles may be
closer by friction and fragmentation at a temperature above zero, because it can be assumed that
the particles are covered with a water layer on the surface. And according to the HELMHOLTZ
[1879] classical theory of static electrification through friction, the main effect of rubbing two bodies
is supposed to be to increase the area of the double layer on the surface of the bodies. If the charg-
ing particles were covered with a water layer the contact surfaces will be greater and thinner and
the separated charges will also be greater. These greater charges of the snow particles are the
source of a more intense corona discharge and the concentration of ions formed by corona must
increase in this case.

it may seem that the Helmholtz heory of elecLrification by rubbing is somewhat outdated, but
VICK [1953] has recently shown that this theory can be modernized and made a useful tool by in-
corporating into it ideas from the mcx ern theories of solids.

Summary and outlook for extended research--(l) By the above measurements of the charges
in the air when snow is blown it has been shown that with ion counters it is possible to separate the
individual components of this complex event. Until now such separation has not been performed
even for charges of different sign.

(2) It has been shown that with a small-ion counter two components were measured; small in-
visible snow particles, mostly with positive charge of several hundred thousands of elementary
charges e, and possibly also atmospheric small ions which may be formed by corona discharge

S° f-om the snow particles being highly charged during the ea. ly stage of their separation.
(3) An extended investigation of the small snow particles with high charge may be expected to

yield additional results by using a more sensitive electr. metric device suitable for rapid recording
of charges.

(4) Investigation of the small ions formed by dissipation of the charge from the initially highly
charged snow particles by corona discharge in the air may be of importance for a general study of
the initial charge of bodies charged by static elcctrification.

(5) The fact that greater charge was measured with the small-ion counter when snow was being
RM blown in the air at temperatures above zero might be explained by greater charge on the individual

snow particles, and this greater charge on the individual snow particles may be explained by the
closer contact existing between the particles during the impact because of a water layer on the sur-
face of the snow particles. Intensified investigation of the small ions formed in such a way may be
expected to yield more information on the ccntact electrification.

(6) Only part of the charges measured with the large-ion counter may be considered as atmos-
pheric large ions. The predominant part must be attributed to pa.ticles with larger charges. A
more definite insight into this problem could be obtained by counting the particles by a method under
preparation.

(7) No attempt has been made so far to consider the experimental facts observed with a view
to fitting them into an accepted theory, for it seemed to us that our knowledge of the experimental
side of the subject must first be further extended.
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POINT DISCHARGE

J. Alan Chalmers

Senior Lecturer in Physics
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Abstract--The following matters are discussed: the part played by point discharge
in the transfer of charge between cloud and Earth- the relation between point discharge
and field strength; point discharge at natural and artificial points; space charge due to
point discharge; effect of point discharge on rain.

Introduction--Point discharge, also called corona discharge and St. Elmo's fire, occurs when-
ever a point is at a difference of potential from its surroundings sufficient for there to be a volume
of air in which the field is large enough for ionization by collision to occur. The actual value of the
necessary potential difference depends mainly on the shape of the point. When point discharge is
occurring, ions of both signs are produced, those of one sign traveling through the point, while those
of the cpposite sign move away from the point in the air, producing what is called the space charge.

In atmospheric electricity, point discharge can occur at natural points, for example, trees and
mountain tops, and at artificial points on buildings, etc., but, in general it is not possible to make
any direct measurement of the current through the points. However, if an insulated point is set up,
the current through it to the Earth can be measured with a galvanometer, and is usually found to be
of the order of microamperes. Whether there will be point discharge from a particular point at any
given time depends mainly on (a) the electric field at the time, as measured over level ground, (b)
the height of the point, and (c) the shape of the point. Other factors which enter are (d) the presence
of natural space charge close to the ground, as this alters the potential difference between the point
and its surroundings, (e) the pressure, and perhaps (f) the conductivity of the air and (g) the wind
speed and direction.

Distinction between atmospheric and laboratory point discharge--.Although many experiments
on point discharge have been carried out under laboratory conditions, these can seldom be used in
relation to atmospheric point discharge. The reason is the vast difference in scale, in particular
in regard to the effect of the space-charge ions. In laboratory experiments the electrodes are so
close together that the space-charge ions are only present for a small fraction of a second, while
under atmospheric conditions they often take several minutes to move up to the cloud.

Because the same ions are present in both types of measurement, it is quite impossible to
achieve any useful scale model, and results that are to be used for atmospheric point discharge
must be obtained by observations in the atmosphere.

Point discharge as a factor in charge transfer between cloud and Earth--As was first pointed
otby WORMELL 11927] point discharge is an important factor in the transfer of charge from

clouds to Earth in disturbed weather. How important a factor clearly depends upon the number of
discharging points and the current through each of them. Wormell attempted to estimate this by
setting up an artificial point which he hoped would be about equivalent to a tree, and then counting
the trees higher than his point in a given area. SCHONLAND (1928] attempted to get closer to a
correct estimate by supporting a typical tree on insulators, but it would seem from his photograph
that his tree was more isolated than in natural conditions and so not completely typical.

These results sufficed to show that point discharge probably brings more charge to the Earth
during storms than either lightning or precipitation.

Effective separation of points- -Measurements of the point discharge current through a single
point can only provide the total point-discharge current over an area if one can assume an effective
separation of discharging points equivalent to the measuring point. Since the natural points are at
different heights and differ in shape, etc., and so in discharging efficiency, it is unlikely that there
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will be one effective separation that is applicable for all conditions. When the field is small, there
may be point discharge at high trees, etc., but none at the measuring point, so the effective separ-
ation is zero. As the field increases and discharge occurs at the measuring point, the effective
separation increases; but, for very high fields, there will be a great number of points which are
discharging, so that one might expect the effective separation to decrease again. Thus the effective
separation can be expected to vary with the field and any estimate of an effective separation cannot
be very exact. Early estimates of effective separation by WORMELL [1927], SCHONLAND [1928],
and WHIPPLE and SCRASE [1936] were based on counting of trees in an area.

More recently, three indirect methods have been used. SIMPSON [1949] and CHALMERS [1951]
have considered the relation between rain charge and point-discharge current and have obtained val-
ues for the density of the point discharge current; this will be discussed later (see Point discharge
and rain currents). SMITA [1951] has used measurements of the recovery of the field after close
lightning flashes, and, by considering this to be due to the space charge in the atmosphere traveling
to the Earth as point discharge current, he has obtained the point discharge current density, which,
with the actual current through a single point, gives the effective separation. And CHALMERS [1953]
has assumed the distribution of field beneath a thunderstorm at Kew and has calculated the necessary
spacing of points, similar to the one used by WHIPPLE and SCRASE [1936] at Kew, so that the total
current beneath a thunderstorm shall equal that measured above a storm by GISH and WAIT [1950].

It turns out that the effective separation of points at Kew as found by these indirect methods is
less, by a factor of about two, than the estimate of WHIPPLE and SCRASE [1936].

These methods of estimating the effective separations of discharging points are very indirect
and clearly it would be most desirable to get more direct knowledge if possible. We are trying
three methods of doing this at Durham, as will be discussed later (see Methods proposed).

Relation between point discharge and field--The noint discharge current from a particular point
depends on the field, and WHIPPLE and SCRASE [1936] found approximate agreement with I = a(F2 -
M2 ) where I is the current, F the field at the Earth nearby, and a and M are constants.

Others, for example CHIPLONKAR [1940] and HUTCHINSON [ 1951], have found general agree-
ment with this formula, but Hutchinson found humps' in the curve, which he was able to explain as
caused by discharges at points lower than the one used. LUTZ [1941] and HUTCHINSON [1951] also
found V.at, when the field and point discharge current charge sign, the field change precedes the
point tischarge change, this also being explained in terms of space charge from lower points.

Another important result is that of CHIPLONKAR [1940], who found that four points close together
gave, under similar conditions, less total current than a single point.

It must be realized that the constant a in the Whipnle-Scrase formula depends not only on the
height and shape of the point but also on its relation to other points.

The alti-electrograph--The alti-electrograph of SIMPSON and SCRASE [1937] made use of
point discharge to measure electric fields below and in thunder-clouds. Two sets of points attached
to a balbon at different heights gave point discharge, which was recorded by pole-finding paper.
Though originally intended merely to give the sign of the current, and hence of the fielc, the width
of the trace was used to give the magnitude of the current; to obtain an estimate of the field, the
Whipple-Scrase relation was assumed and the constant a determined by measurement of the field
at the Earth at the comiiencement of the ascent. The conditions of point discharge are very dif-
ferent for the alti-electrograph and for the fixed point and it may well be incorrect to assume that
the Whipple-Scrase formula holds or, if it does, that the constant a is independent of height.

The alti-electrograph results, interpreted as they have been, do not show an increase of field
on rising from the Earth to the cloud. Yet, if point discharge is occurring, there must be space
charge rising from the points, and there seems to be no mechanism to remove this; but if it rises,
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there must be an increase of field below-the cloud. It-does not-seem possible to think of wind-re-
moving the Spce charge; the same wind wiouldarry-the ballobn with-it: The only way-out of the
difficulty seems to be that the interpretation of the point discharge current in terms of field is
false, and though-the point discharge current through the-alti-electro ph does not increase with

height, the field-does.

The reality of the space charge between cloud and-Earth is not only shown by the fact that the
space charge must go somewhere, but also by other p henomena. The changes of field at a lightning
flash from a small value of one-sign tc a large value of opposite sign is explained very simply in
terms of the 'unmasking' of the space charge, -nd, as will be discussed later (see Point discharge
and rain currents), the relation between rain charge and point discharge current appears to require
ti-e space charge.

Measurements with balloon--Many-of the problems-of point discharge are difficult to solve if
one has to wait-for natural point discharge in disturbed weather, because the conditions then are
very unsteady. However, -it is possible to get point discharge to occur-in fine weather if one raises
a point to a sufficient height, and then there will be mch steadier conditions. This cannot lead- to
a solution of all the problems that arise in point discharge, because the single high pont is in con-
ditions very different from those for one of a -umber of points-vmore or-less smilarly situated.

We-have carriedout at Durham a series f-observations using a-captive alloon to support the
moint and have-been able to obtain a relation between the current through the point on-the one, hand
ad the height, the field-andwtheind-soeedo--- th other;the-fieidis that-measureduffcien far
to windward to eliminate any-effect of the balloon or of-the space charge liberated by iL (ThW§,
incidentally, was proved by the-absence of any noticeable fieldchan when a flying balloon burst.)
The results show agreement with the formula, 1= K (Ff4.7 5 y9.25, where I is-the current, Fthe
field, h the height, and W the wind speed. The rcethod could not be used for wind speeds above -25
km/hr, nor could the blloon be flown at heights above°200 m, so that the formula is verified over
only a limited range. Measurements were confined to fine-weather conditions.

Multiple points were investigated and it was found-that, under similar conditions, a group of
eight points gave together about half the current from a single-point.

Theoretical results--Neglecting the pulsed nature-of point discharge, and considering an average
over a large number of-pulses, we see that the field near the point and-hence the point discharge cur-
rent, will be affected by the space charge produced and, when conditions are steady, a condition is
set up in which the pointdischarge space charge limits the field near the point-to just the value re-
quired to maintain the current. An increase of point discharge current would give more space charge
and so decreased the field near the point, thus reducing the point discharge current again.

Assuming the space charge to travel from the point within a 'space-charge volume,' it is pos-

sible to deduce relationships between point discharge current and field. Two cases have been worked
out, one for a point which is one of a rectangular array of points, and the second for a single point
which is the only one producing point discharge.

In the first case, it is assumed that wind has no effect, space charge from above one point being
blown to above another. If it is then assumed that the space charge remains within the space charge
volume up to a certain height and above this It is uniform, we can suppose this height to be such that
the field and potential are the same within as outside the space charge volume at this height, and it
is then possible to deduce the Whipple-Scrase formula I = a(F2 - MZ).

In the other case, it Is assumed that the space charge ions remain within the space charge vol-
ume up to the height at which their velocity in the field is equal to the wind velocity and above this
they are completely dispersed. On this assumption one obtains a relation I = KF 2 - x WX where W is
the wind velocity; the value of x depends on the shape of the space charge volume. The balloon re-
suits quoted above agree with this, giving x about 1/4.
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Totallpoint discharge current-below a cl -In ssing point discharge, the usual sequence

-:0fIdeashas been totbibider the cloud to setup a field atthe Ear%: n this-field then produces
-point discharge, soA hatone expectsmore-t6tal point dis harge current the more and the better ex-
p ethedsc ging points. -This, -hower, is a wrong way of regardingthmatter, since the
more the int discharge, the more the space-charge in t air andSb the more the feld is reduced
by thitpace charge.

It is-rferable to-considerthat- th sepapration process withinhe cloud provides a certain cur-

rentto -e- dissipate downwards and this is nearly the same whatever may be the-surface conditions
below. If there are few points, the field is high and each-point gives alarge current, but with more
points, VtSfield becomes less. This is dealt-ith in more detail by CHALMERS [1952].

Point discharge and rain-currents-SIMP'SON [194R01found a relation between rain current and
point discharge current, and suggeste that this could be accounted-for if the falli rain drops
capture-the rising Ins, as sgested by WI.SON [1923].. HoweverSimon found that the charges

acquirediby the raintops would only fit withthe theory if the chargeswere ac4qied in fields con-
siderably higher thathose near-the Earth,fields suchatwould be expected from the effects of
point dischbarge space-charge but= notfoumdbythe alti-eletrograph. 'The same conclusions were
reached-from the observations -onstgle dro4psof HUTCHINSON-andFCHALMERS[1951], with-a
detail e~lanation -interms ofthe ion-caue process byCH [1951]. hse results
allowed of-a determination of the effective se rtin of-discharging jiints. -Th work has-bee

carried-frther by SM[T [1951]-who m easuredthe cha-rgson dro of different-sizes falling at
-almost te- ame time, And accoftid-for the differences°in-charge bythe-same ion-capture process.

Methods proposed-In order to make fither advafntes-some Ideas-are beltried at presint
or will be-shortly. To continue the-balloon-wotk, we are using a mast of sufficient height-to give
point discharge in fine weather and we hope to be able to-extend theresults obtained by the lloon
the disadvantage Is, of course, tIat there is little variation of height-possible, and the mast cannot
easily be removed to test for Its influence on the field.

In an attempt to measure the actual point-discharge current through a singletree, we have put
sets of screws in a tree at two different heights, connecting each set together and joining the two
sets through a galvanometer of low resistance; in this way we hope to be able to short-circuit part
of the point-discharge current flowing down the tree and measure it. Results so far are hopeful
but we cannot yet say more.

We are hoping to try the experiment of making a tree, or perhaps first our mast, the 'primary'
of a 'transformer' of which the 'core' is to be a ring of magnetic material around the tree and
'secondary' is to be windings round this ring. In the secondary circuit we should get an outpuxt to
be amplified, which is the differential of the current in the tree; by graphical, or perhaps electronic,
integration we get the actual currcnt--we hope. Or it may be that we can detect and measure the
ind~vidual current pulses In the point discharge current Tis ldeais as yet only in the stage of
plannling.

To leeward of a discharging point, there is a decrease of field, owing to the effect of the space
charge. By using field measuring machines to windward and leeward of a discharging tree or group
of trees, it may be possible to determine the current without touching the dischargers themselves.
Clearly the effect on the field depends on the wind speed, but we hope that, by measurements with
the mast, we can establish a relation which we can then apply to trees. This work is only in a
preliminary stage but shows promise.

I come now to observations I hope someone will carry out, butwhich I am not in a position to
do myself. If an instrumented aircraft could fly below a thundercloud, It would be possible to tell,
once and for all, whether there Is the increase of field predicted by the space-charge theory or not,
or whether the field remains roughly constant as suggested by-the alti-electrograph results. Al-
ternatively, a field-measuring instrument, other than by point discharge, could be sent up in a bal-
loon, perhaps with radio-sonde used for recording; if both a 'field mill' and point discharge could
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record simultaneously, a gret aquestions could be answered. :Perhaps an instrumented heli-
copt-r would be ideallfor the purpces mefntioned.
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THE ELECTRIC CHARGE OF RAINDROPSa

L. G. Smith

Geophysics Research Directorate
Air Force Cambridge Research Center

Cambridge, Massachusetts

Abstract--Rapid measurements of the electric charge and size of individual raindrops
show that the large range of charge is not reduced by considering smaller time Intervals.
However, t.Ke average charge and the limits of the range of charge show definite relations
to the size of drop. The relation for the average charge is similar to that obtained by con-
sidering the ca[ture of ions (Wilson process)by drops falling in the region of the point dis-
charge space charge below the cloud. A comparison with experiment indicates an increase
of field strength with height. The large range of charge is attributed to the mixing, while
failing, of drops leaving the cloud in regions of different current density.

The earlier investigations of the electric charge carried by individual raindrops have indicated
that the relation connecting the charge and size of the drops is of a statistical nature. It was there-
fore felt that if any advance was to be achieved in a new investigation it would be necessary to sam-
ple the drops more rapidly than had been done previously.

The method of mea.-uring the drops is shown schematically in Figure 1. The charge is meas-
ured 1y electrostatic induction on an open metal cylinder, ten cm in diameter, as the drop falls
through; the mass of the smaller drops (0.2 to 2.5 mm diameter) being determined from the time

CP TIME BASE

NII

aL OSCILAO al DETECTOR Y

Fig. 1--Schematic diagram of apparatus measuring raindrops; upper trace on the double-
beam oscilloscope records the electric charge and the lower trace the mass of the raindrops

aA detailed account of this investigation has been published in Q. J. Roy. Met. Soc., January, 1955.
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of fall between two such cylinders. The mass of the larger drops (1.5 to 6.0 mm diameter) is
measured by the change in capacity of a parallel plate condenser as the drop passes between the
plates. This condenser is included in the tuned circuit of an oscillator and the momentary change

Win capacity produces a change in frequency which is then detected. The double pulse representing
charge (upper trace) and the single pulse representing mass (lower trace) are displayed an a double
beam oscillograph with a horizontal time base of three cps and photographed on film moving ver-
tically at constant speed. This equipment has measured drops at rates up to 142 in one minute and
1200 in 16 1/2 minutes. Simultaneously point discharge current from an artifical point, field
strength, rain current and rate of rainfall are also recorded.

Observations have been made during 42 periods when the rate of rainfall exceeded one mm per
hour, to' ling 9284 drops. At least 200 drops are required for an adequate statLAtical Pnalysis of
one of these periods. The general features of the observations are illustrated in Figure 2 which is
one of the 15 periods in which more than 200 drops were measured. This period has been divided
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into periods of 5 2/3, 3, and 4 minutes, each including about 200 drops. The rate of rainfall averaged
4, 25, and 5 mm per hour for the three periods of this thundershower. The individual drops are
represented by points and the circles are the average charge for a small range in diameter.

The charge on each size of drop varies over a wide range, ofter including both signs. This is a
characteristic of all the observations, including short periods when the field was steady. The
average charge, however, shows a definite relation to the size; there is a certain size for which the
average charge is zero, on smaller drops the average charge is one sign (positive in the case shown
in Fig. 2) while the larger drops have average charges of the opposite sign. The limits of the range
of charge also show some relation to size of drop. These relations ,re shown in Figure 3 for what
is termed a positive distribution, the sign re-
ferring to the sign of the average charge on the ,-
smaller drops. Some observations are found to ",
be negative distributions. / PCISTIVE

/ OI5TR iBUTON

The simultaneous observations of point /
discharge current and field strength show that / ,,
the sign of the distribution, as defined above, /
and the sign of the field at the ground are op- / Ii.

pusite for 80 pct of the- observing time. Thus, '
in general, the larger drops arrive at the
ground with charges the same sign as the
charge in the base of the cloud while the small-
er drops have charges opposite to th!s. This
indicates that the drops have modified their
charges by capture of ions from the unipolar \ Q* a!

point discharge current below the cloud, only - +
h smaller drops having sufficient time to CHAReE

reverse the sign of the charge. The equation Fig. 3--The general form of the charge-size
of charging for this case of the Wilson process relation, positive distribution
Is

Q r (3Xa 2 +Q) 2  . . . . . . . . . . . . . . . . . . . . . . (1)
dx 3X 2a2va

where Q is the charge, a the radius and va the fall velocity of the drop; J is the current density of
point discharge, X the electric field strength, and x the height above the ground. For the simplest
case in which the field is assumed constant with height and the initial charge (at the height xo ) Is
given by Qo = 3nXa 2 , this equation may be integrated whence the charge on the drop arriving at the

ground is given by
3Xa2  Jxo  1 ..................... (2)

3Xa 2 1Q Xva + 1+n

This expression is shown graph.cally in Figure 4 for n = 1 and for several values of the parameter
V Jxo/X. The curves show the same general shape as the distribution shown in Figure 3.

The magnitude of a distribution may be characterized by the quantities Q and a as defined by
Figure 3, the asterisk signifying the average harge and prime the upper limit of charge. It can be
shown that these quantities are related to the product Jx0 by

Jxo = -5.3 X 103 Q*/a* esu ...................... (3)

which is independent of the value assign3d to X and almost independent of n. The product Jxo can be

I
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determined from direct observations and compared with the value derived from the charge-size
relation for the average charge of the drops. The pairs of values are within an order of magnitude
for the ten periods for which data are available.

An estimate of the value of the field in the region of charging can be obtained from the relation

X = -4Q*/a* 2 . . . . . . . . . . . . . . . . . . . . . . . . . . (4)
Comparison with values of the field measured at the ground show that the field in the charging region
exceeds the field at the ground by a factor which averages 30. This increase is associated with the
existence of the space charge of point discharge ions. The relation determining the value of the field
at the cloud base is X= 87Jx0 A

1/2 . . .. . . .. . . .. . . . . .. . .. . .. . (5)

where k is the mobility of the ions. In Figure 5 a comparison is made between the values of the
field in the region of charging obtained from
the observations and the field at the cloud base *t =:. 3"
obtained from the equation just given. There
is good agreement supporting the interpreta-
tion given here. t-

The cause of the wide range of charge on
the individual drops is indicated in Figure 5.
It is attributed to the variation in field and
current density at different points in the cloud =Soo

base, the drops becoming mixed by lateral dif- V1
fusion while falling. There is further evidence 

V0o

for this in the observations.

Thus a consistant picture can be built up -0o
to account for the main features ol the obser- 0 /3X x 10 F.
vations of the electric charges of raindrops.
The agreement between theory and experiment Fig. 4--The theoretical charge-size relation
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Fig. 5--The field in the charging region plotted against JxO
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THE SYSTEMATIC ELECTRIFICATIONOF PRECIPITATION- BY IONIC DIFFUSION

'Physical ReseardhS iviion, U. S. WeatherBureau
W..shington-25, D. C.

Abstract- The author's- recefit nve tigationsof droplt electrificationbydonic dif-

fusion are reviewd. Expressions are given for th- -enhancement of the equilibrium-
-charge by -thei moti -o e droplet r ilative-to the environn It is shownhtsimple-iohic diffusion accounts for the-ifreepoitive charge usuai!y observed on-mist light
rain.

An exact -solutibh -of the diffusiobniquations- leads immediately to useful relations
for the combinatiocoefficientg ofi1ons anddroplets The e weil with obsikvation.

Hyperelectrification of droplets by--ionic diffusion in suoerposed electric fields is
considered. Electie fields can profouidlymiodify the relrive conductivitiegsof the pos-
itive and negatiVe ions -near-electrodes r cloud surfas nd, thus,greatlyenane the

:charges trafisferred _droplet. -Ud rdistirbed- weatr donditions, -the-timated
-charges are soriiihatlarger than-th6 Infe red from drolt me asurennts- mde on
-the ground uAder tiuderstorms.- Th.sign of tlie chargeplaced on droplets i the
Earth's surface bly relectrifidati-6 is oppbsite-to that of the C. T. R. Wilson effect
and, hence, tends-toreduce the impr7e ctric field..

_introdudtion- -The-universal-character f ionic diffusionhbeen notdby a number of inves-
-tigatoswohv ob~esied the -rfr of re lectril chret hgl nsulated conductors.

Oo xmle, -MILLIKAN [111 notdi is pioee dtriaonfthsize of heelementr
chrge, that although suspefnded oil drops carriedajnumber-of=eleentary chargesi ey were ob-
servid to acquire furthetcharges of the- sa-sign. Millikan correctly attributedthis to the dif-
fusion of the ionsonto e-drbps and-noted ttheir thermal motions provided the: enrgy to over-

-comethe normal -repu1sion- between ions of--the same kind. -He- alsobbserved that-th6edroplets
:picked up negative chafges more easily thanpositive. ARNDT ad KALLMANN-[19255]-worked out
-appoximate expressionsfor the equilibrium=charge acquired_byuinsulated conductii -gspheres-when
i~of a single sign oy were present~and~fud that the equilibriuMcharges were-very- large.

FRENKEL [19461 extehded-the calculation-to the case when both- ions were present but assumed
ttthe ionic populationjust outside the droplet approached zero. Such an assumption is-not justi-

fied. GUNN [1935] pointed Out that the diffusion of ions and water-vapor might selectively transfer
electrical charge to atmospheric droplets And that this process pproximated the behavior of con-
centration cells. On such an assumption, he worked out an association theory of thunderstorm
droplet charging. The papers summarized here [GUNN, 1954, 1955, and PHILLIPS and- GUNN, 1954]
estiblish theoretical and experimental justification for this old-hypothesis.

Equilibrium charge-on a sphere at rest--The universal character of ionic diffusion and the
frequent occurrence of conducting droplets -falling freely in the Atmosphere appeared to justify a
careful investigation of droplet charging by ions. It has been assumed-that ions obey the classical
-1w of diffusion-and that any systematic motion imposed by free charges is proportional- to the
mobilities of the positive and negative ions, u and u , and to the electric field. Moreover, argu-
ments advanced by Debye-and by Huckel have shown that the space charge outside any droplet in
the- atmosphere is widely dispersed and its influence on diffusion can be neglected. It is further
assumed that waterdrops-possess no intrinsic potentials at the water-air boundary so that selective
adsorption of ions can be neglected. Subject to the above assumptions, an exact solution has been
worked out for both the positive and negative currents to an isolated sphere immersed in the spec-
ified environment. When the positive and negative currents to the droplet are equal, the resulting
steady state defines the equilibrium charge on the droplet. Exact expressions for the steady state

'ar given in the basic paper [GUNN, 1954], but it is sufficient to note here that when the droplet

radius is large compared to the mean free path and the diffusion is molecular, the equilibrium
charge, Qo, is determined by

Nue Qo
-exp -(- - 1 = .. •. .......... (1)

Nu_ kT a Ro' . ._
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where e is the elementary charge, k is the Boltzrrann constant, T is the absolute temperature, N+
and N are the ionic densities of the positive and negative ions in the environment, u+ and u are
their mobilities, + and X are the respective conductivities, a is the droplet radius and Ro is the
radius of the shell where the ionic equilibrium approaches that of the environment.

If the droplet is at rest with respect to its env.ronment, this relation degenerates further into

Qo = a [ kT In + ]

e X - ..................(2)
In this expression, the quantity of electricity is proportional to the radius of the droplet or its
capacity and to a factor which measures the droplet's equivalent potential. This potential cor-
responds to the potential uf a concentration cell clasely approximating that assumed in an earlier
publication [GUNN, 1935]. It is possible to work out the rate at which this equilibrium is estab-
lished. We shall note here only that if the positive and negative ion densities are somewhat sim-
ilar and approximate N, then the charge varies with the time, t, according to

Q = Qo [I - exp (-4"reNut)] ..................... (3)

and the effective charging time, r therefore approximates

r = 1/41reNu+ ........................ (4)

Equilibrium charge on a sphere in motion with respect to an ionized environment--Evaporation
experiments have shown that the relative motion between droplets and their environment profoundly
modify the rate of diffusion. Accordingly, we have obtained a solution for the basic diffusion equa-
tions that permits a determination of the augmentation of free charge resulting from relative motion.

In considering the processes of charge transport of Ionized air, it is convenient to think in
terms of small packets of ionized air that move towards the droplet, make transient contact with
it to exchange ions and are finally merged again with the environment [KINZER and GUNN, 1951].
When the droplet motion increases with respect to the ionized environment, the packets of ioniza-
tion are swept closer and closer to the droplet. This increasing motion results in shrinking the
ionized environment around the droplet and this systematicaly increases the diffusion gradients.
From aerodynamic arguments, it has been found possible to determine the effective thickness of
the shell separating the droplet from its environment in terms of the droplet size and its relative
velocity [KINZER and GUNN, 1951].

The expression for the equilibrium charge given by (1) is in such a form that the thickness of
the transition layer between the droplet and its environment can be incorporated directly into the
expression by identifying it with Ro - a. Making this substitution and employing the relation con-
necting the thickness of the transition layer with the relative velocities and other droplet parameters,
it is found finally [GUNN, 1954] that the equilibrium charge for a failing droplet is

aVD kT 4+
Qo = a (I + F -~ ) [- -In -X--] .................. (5)

where F is a constant approximating unity, V is the relative velocity of droplet and environment,
and D is the effective diffusion coefficient given by

D = .. )......................
N.+N

The reader may verify by substitution of appropriate quantities that the relative motion for a large
raindrop may increase the rest charge by a factor of 30. This augmentation of charge is by no
means negligible even for mist and light rain.
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Experiment and theory- -Although the derived relations were based on solid theoretical grounds,
it seemed worthwhile to test their adequacy in the laboratory. In a paper by PHILLIPS and GUN?'
[1954], a-detailed experimental exploration of the mechanisms has been carried out and experi-
mental-curves given for the equilibrium charge as a function-of the various parameters. Interested
readers should consult the original paper, but it may be stated that within the accuracy of measure-
ment the experimental results are entirely consistent with the theoretical formulation of (5).

The combination coefficient of ions and droplets--The solution of the diffusion equations leads
directly to values for the ra- of transfer of positive and negative ions to the droplet. Therefore,
if there are No droplets per unit volume and the ionic density outside is known, one finds that the
rate of disappearance of ions per unit volume is proportional to both these quantities. The pro-
portionality factor is the so-called combination coefficient appearing explicitly in the exact solu-
tion. The reader is referred to the original *,aper [GUNN, 1954] for the derivation, but it may be
noted here that the combination coefficients a-- given by

41rkT u+ a

e [I + (Qe/2akT) +...]..................(7)

41rkTu a
e [1 - (Qe/2akT) + ............... (8)

Attention is directed to the fact that the combination coefficient is finite even though the droplets
carry no charge. But if the droplet is charged sufficiently to raise the potential energy of an ion
at its surface to anything like the thermal kinetic energy of the ion, then according to (7) and (8),
the droplet charge modifies the rate of combination. Obviously, if the droplet charge and ionic
charge are of the same sign, the combination is decreased whereas if they are of opposite sign
the probability of combination is increased. Since these combination coefficients are proportional
to the radius of the droplet, it should be evident that measurements should exhibit considerable
scatter, just as is actually observed.

Equilibrium charge carried by falling mist and light rain--Although there is wide disagreement
as to the free charges brought down by heavy rain, almost all observers report that the charge
brought down by mist and very light rain is positive. For example, SCRASE [1938] measured the
charge brought down by rain for a period of two years and found that 93 per cent of such precip-
itation was positively charged and that the specific charge approximated 0.46 esu/gm. Other
workers have similarly reported a positive excess for the smaller particles. Since mist and light
rain are formed in the lower atmosphere where many experimental data provide reliable estimates
for the relative conductivities for the positive and negative ions, it seemed of interest to estimate
from (5) the charge on such precipitation. In Figure 1 is given a curve showing the values pre-
dicted by (5) for freely falling droplets of various radii with the environmental conductivity ratios
specified on the curves.

It may be seen that mist and light rain of radii between 4 and 10 x 10- 3 cm will carry a spe-
cific charge approximating 0.5 to 1.0 esu/gm. In estimating this charge, the measurements of
the conductivity ratios near the surface of the Earth by SHERMAN [1937] have been adopted,
namely, X4/X_ = 1.34. There is evidence that the conductivity ratio for the positive and negative
ions varies with altitude and with the occurrence of precipitation and, hence. variability in sign
and magnitude of the charge may be anticipated. For comparison with the normal electrification
to be expected in the lower atmosphere, Figure 1 also includes a curve for the case where

=10.

Hyperelectrification of droplets--The above paragraphs summarize the general behavior of
droplets subject to ordinary thermal diffusion. However, special circumstances frequently occur
in the atmosphere that result in the transfer of extraordinarily large charges to falling droplets.
It seems necessary to mention these conditions under a special heading.

W- W.,.~*.* NALKb~ i ~ = ___ j .i-' - - - -_ _ m_
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Fig. 1--Equilibrium charge on atmospheric droplets - a function of their radius;
dashed lines define equal charges per uniL mass of rain

The intensity of the cosmic rays and radioactivity determines the normal ion-pair production

in the atmosphere. The average values-of the electrical conductivity and the conductivity ratio for

the positive and negative ions are accordingly determined by these ionizing mechanisms. But their

actual magnitude at a particulai point in the atmosphere is determined by the diffusion of the newly

produced ions onto nuclei or droplets and by electric fields that may redistribute the ions in space.

If the electrical conductivities for the positive and negative ions are equal, it is clear from (5) that

diffusion would produce no important electrical effects.

The conductivities of the positive and negative ions are almost invariably different, and some

droplet electrification both by diffusion and by electrical conduction is present. It is emphasized

here that sometimes the conductivity due to one type of ion may be a hundred times that of the

other, and under such circumstances, it is clear from (5) that hyperelectrification of droplets will

occur. The accumulation of ions of a single sign near the Earth's surface is well known. For ex-

ample, large surface electric fields usually sweep out almost all of the upward moving ions and

X+/X. becomes large or small compared to unity, according as the surface charge is negative or

positive. Similarly, GISH [1932] has noted in his discussion of electric conductivities that "when

Li the electric intensity reaches about + 300 volts or more per meter" and "of normal sign (inward),

, J then the negative conductivity drops abruptly to approximately zero value whereas the positive

conductivity remains quite unchanged." Droplets exposed to such an environment will clearly

become highly charged. it is of interest to note that under these conditions the free charge trans-

ferred to droplets is opposite in sign to that of the C. T. R. Wilson effect. Space does not permit

Z Z,4
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us to consider in detail droplet charging of ths character, but it should be pointed out that cloud
boundaries exposed to electric fields will e:diibit similar electrode effects. This is because the
positive and negative conductivities within the cloud are now known to be at least an order of mag-
nitude smaller than that observed outside. Experimental and theoretical studies of droplet charg-

- ing by diffusion and by conduction under the conditions mentioned above are already well advanced
V and will be reported shortly.

Conclusion--The detailed investigation of the diffusion of ions onto droplets has shown thatUn diffusion plays a very important role in determining the ionic equilibrium of the atmosphere and
the charge carried to the ground by quietly falling mist and light rain. The specific charge trans-
ferred to small droplets normally approximates 1 esu/gm. Thermal diffusion acting on ions that

°A have been systematically concentrated by electric fields results in a hyperelectrification of atmos-
pheric droplets that promises to explain the extraordinarily large charges sometimes observed
on thunderstorm rain.
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DISCUSSION
CONCERNING THE PAPERS PRESENTED ON THE MORNING OF MAY 21, 1954

AND OTHER PROBLEMS OF THE THUNDERSTORM AND DISTURBED WEATHER

T. W. Wormell presiding

Dr. Wormell -The subjects to be discussed this afternoon seem to fall rather naturally into
four groups. I do not propose, however, that this should be a rigid division.

The first group is the electrical structure and charge generation in clouds, especially thunder-
clouds; the second, the lightning discharge; the third, point and discharge current and its effect on
the charging of raindrops; and the fourth, the charging of quiet continuous rain.

Dr. Kuettner--In Mason's estimate of the total thunderstorm charge cited by Wormell, the dis-
charging of the particle by air conductivity is forgotten. This changes the estimate considerably.

Is there necessity to explain the Radar effect at the cloud base by a breakup of droplets in order
to increase the droplet concentration? Is the increase of diameter not much more effective due to
the sixth power?

Dr. Wormell--In toth cases one needs updrafts for explanations of the observations.

Dr. Kuettner--If the external field is in your (Wormell's) opinion more effective than "sponta-
neous' effects of the growth of precipitation particles then you should get all the electrical effects
also in 'warm' showerclouds.

Dr. Wormell--It may well be that spontanecus effects start it, but it seems to me that when the
field gets big enough, it is an induction buildup controlled by the field itself rather than the sponta-
neous charge. Does anyone else have any comments on Dr. Kuettner's remarks?

From the Floor: I wish you would define 'spontaneous effects.'

Dr. Wormell--I would call a 'spontaneous effect' charging in the absence of an external field.

Mr. Reynolds--It seems one of the mechanisms you proposed this morning for the development
of lower positive charge-center depended on up-draft in this region. It seems to me there is a lot
of evidence from Dr. Byers' work and a little from some of our work, that you simply cannot count
on the up-draft in the region of heavy precipitation. There almost has to be a down-draft in the
region of heavy precipitation.

Dr. Wormell- -Well, I agree that is the generally accepted view, what I was saying was that this
type of radar observation has been consistently obtained under these circumstances in this particu-
lar part of the thundercloud, it seems to me it might be inexplicable by any other assumption than
that there is an up-draft just at the front edge of the region of heavy precipitation.

Mr. Reynolds--It is a possibility at least.

Dr. Byers--To that point. I might say it was not clear from your radar pictures that this ra1i
had been very intense for 4 very long period of time, so it is likely that the down-draft barely started,
I do not know. That is why I asked the question this morning as to the time intervals between the two ra-
dar pictures. Even knowing that does not tell us very much because this eight millimeters per hour
of precipitation might have been going on for some time, and then suddenly you got a burst of heavy

rain which will be the thing to cause the down-draft.
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Dr. Wormell--The typical result seemed to be that one got an echo for about the first two minutes.

Dr. Byers--Yes. Unless we have more information, I do not think we can draw much in the
way of conclusions as to whether there was a down-draft or not.

Dr. Chalmers--The process that works for the main charge in the thundercloud does not oper-
ate in the continuous rain cloud. This gives a criterion for a thunderstorm theory.

The total point discharge current below a cloud depends very little upon the nature of the ground
beneath. So point discharge ions are available in any case.

Mr. Reynolds--I have a diagram which I think relates to what Dr. Chalmers has just said. This
shows the development of the electric field as associated with the occurence of the initial radar
echo. We think that the precipitation particles are of the order of 200 microns radius at the time
we first detected the three-centimeter radar echo.

One can see that the charges begin to separate at about two minutes after the particles have
reached the size of 200 microns radius, at any rate that is the time the surface fields begin to in-
crease. I think this illustrates the point that the charge separation process is tied very directly
to the precipitation process.

Dr. Weicknann- -Mason based his theory on the preliminary results obtained by Dr. aufm Kampe
and myself during investigations of the charge generation connected with riming. We found that these
measurements were in error due to the generation of spray electricity on the nozzle of the sprayer

- as well as on the rimer. Such effects had been nvestigated previously for instance by Chapman.
This same applies for Meinhold's measurements in an aeroplane.

Dr. aufm Kampe--And for Lueder's measurements, but not in the case of Reynold's experiments
whose rimer was a slowly rotating device.

Dr. Chapman--With reference to Mr. Reynolds' paper, were the temperatures in the coulds
9. determined?

Mr. Reynolds--By triangulating to determine the height of the cloud base, using the wet adia-
batic lapse rate inside the cloud, and using the Albuquerque radiosonde to determine the cloud base
temperature.

Dr. Chapman--It seemed to me that the charge centers seem to be at higher altitudes and at
colder temperatures than generally are reported.

Mr. Reynolds--I think not, since we found negative charge centers from 0 to -330 C. Recently
Marshall at McGill University reported radar observations of charge ccuters at -400. I think our
cold limit is just a bit warmer than Malan and Schonland's, and a bit colder than Simpson's, Work-
man's, Holzer's, and several others.

Dr. Chapman--It appears to me that the lightning dipole discharge which you measured occupies
a very small volume of the total cloud, and I infer from this that the quax..ity of discharge must be
a small fraction of the total charge in the cloud.

SMr. Reynolds--I am not sure how small a fraction. Our average charge involved in a single
cloud discharge was about 26 coulombs. I believe this dipole occupies a volume about two kilometers
in vertical extent.
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Dr. Byers--My question concerns the statement about the down-draft along the outer surface
of the cumulus cloud. We have made a number of measurements, and I think a number of others
have made measurements in the vicinity of cumulus clouds and have not found this.

I think that the motion pictures are likely to be a bit deceiving. I think if they are examined
it will be found that there is no sinking along the outer surface of the cumulus cloud except in those
cases where the whole system is either sinking or getting ready to sink.

If the cloud subsides, the outer part subsides first. If the cloud is really growing fast, or
growing at any appreciable rate I am sure theze would be no downward transport visible in the outer
surface of the cloud.

Dr. Vonnegut--I believe that whether there are downdrafts on the surface of cumulus clouds is
a question subject to debate. Further investigation of this point is needed.

Dr. Chapman--First, as I understand the theory, downward drafts around the outside of the
cloud are an essential part of the mechanism. Second, I believe corona from the ground will gener-
ate the positive ion space charge, or at least most of it, after things get under way. The question is:
What happens over the oceans where presumably there are no points sticking up? Third, am I cor-
rect in assuming that it would be quite important to ascertain the conductivity inside the clouds, so
that one could determine whether the raindrops, the droplets, or the ions carry most of the electric-
ity?

Dr. Vonnegut--With regard to the corona question, I think, as far as I have been able to find,
there are no data concerning the behaviour of water surfaces of the ocean or the lakes under intense
electric fields. Laboratory experiments show that with intense fields, it is possible to get a spray
of electrified droplets from a water surface, and presumably it is possible to get corona. The mech-
anism must be quite different over a water surface, and one would expect that depending on the sort
of wave systems you have there might be considerable variability. I think this is an exceedingly
important thing to determine. As far as land surfaces are concerned, I think that possibly over des-
erts it may be difficult to get pointdischarges. Ithink that even there, there will usually be enough
grasses and bushes to give corona.

Cincerning the conductivity within a cloud, I think this is of considerable importance, and there
are few lata concerning conductivity within clouds. Dr. Gunn recently reported conductivity meas-
urements in simulated clouds in the laboratory and reported values of one tenth to one third of the
normal value of conductivity.

Dr. Pluvage--I have made some conductivity measurements inside of clouds. I, too, have
found values from one-tenth up to one-third of the normal conductivity.

Dr. Chalmers--I think there is one point I did not have time to mention this morning which is
relevant to what Dr. Vonnegut said in connection with point discharge. The total point discharge
current below a thunderstorm cloud is not very dependent on the nature of the surface beneath. One
has a certain rate of generation of charge within the cloud, that the rate of dissipation of charge up-
wards and downwards will be determined by the generating process in the cloud. The number and
size of discharge points will determine when the discharge begins but will have small influence on
the total discharge current.

Dr. Wormell--In the limit of these circumstances, will not the field build up?

Dr. Chalmers--Either that, or one will get it dissipated by normal conduction current. The
field will be so big that the conduction current would be large enough to do it. That will provide the
positive ions going into the cloud just the same, if the rest of Dr. Vonnegut's theory is valid.
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Dr. Kuettner--I might add that I think that in the individual cases in cumulus clouds, down
drafts occur on the outside. For the thundercloud as a whole, I doubt that this is true. Now, you
should expect with this mechanism that the negative charge accumulates on the base of the cloud,
not at the minus ten degree level where it is generally found. Also, you would have to expect the
same mechanism working on warm shower clouds in the tropics.

Dr. VonneMu--Startng with the last question, relating to the tropical clouds according to this
theory, there is a critical size for the cloud in order to produce electrification. As I recall this
critical size is of the order of ten kilometers diameter. I believe ycur first question relating to
the down-drafts on the surface of the cloud is debatable: in order to prove whether my theory has
anything to it, I will have to make more accurate measurements.

Mr. Reynolds--I should like to comment on Dr. Vonnegut's statement concerning the minimum
diameter of storms. Very often, the New Mexico clouds are much sm.aller and show active electri-
fication.

Dr. Vonnerut--I appreciate that. Duststorms are a source of rather intense space charge which
I think might reduce the critical size.

Dr. Welckmann--I have the feelingthatunderDr. Vonnegut's theory the thunderstorm would

act as a consumer of the electirc field and not as a generator. If this were true I believe the elec-
tric field of the Earth should be generated by something other than by thiderstorms.

Dr. Vonnegut--The current that my theory requires is essentially the current which has been
observed. It is in the direction necessary to maintain the positive charge in the ionosphere.

Mr. Reyno--As I understand the mechanism it appears to involve a boot-strap technique, It
is the atmoppheric field which causes the thunderstorm, so we carnot have a thunderstorm pro-
ducing the fair-weather atmospheric field.

Dr. Vonnegut--I prefer calling it not a boot-strap technique, but a closed cycle. The thunder-
storm charges the ionosphere and leaves a legacy of space charge in the lower atmopshere for fu-
ture thunderstorms. It is a cycle in which the thunderstorm needs the sp-ace charge and also pro-
duces it.

Dr. Kuettnter--I think it is the same argument that was raised against Wilson's theory and
against all theories that are based on the effect of the electric field.

Dr. Wormell--The argument could be raised against the Wimshurst machine.

Are there any other further comments? If not, we will pass on to the general subject, light-
ning, on which there were three papers by Prof. Bricard, Prof. Tamura, and Dr. Norinder. Dr.
Kuettner has a comment on Prof. Tamura's paper.

Dr. Kuettner--This paper seems to explain one basic difficulty of the thunderstorm. The prob-
lem, namely, is the short time factor of the recovery curve. It shows that this can be the effect of
a superposition of two curves which give the illusion of an exponential curve with small time factor.

Mr. Reynolds--We have observed some recovery curves which are nearly linear with time.
The recovery times are fairly long.

Dr. Wormell--These are at what distances?

Mr. Reynolds--They are between two and four miles. I do not know exactly.
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Dr. Wormell--I will agree that at moderate distance one may get linear recoveries and all
sorts of complications.

7 Are there any other remarks about the recovery curves or the lightning discharge in general?
If not, I must pass on to the papers on point discharge and the charge on raindrops. Dr. Chapman,
I think, had some question on Dr. Chalmer's paper.

Dr. Chapman--Dr. Chalmers and I used different space-charge distributions beyond a corona
Apoint for he was interested in the case where the wind and field were at right angles, and I was in-

terested in the case behind an airplane where the field and wind, in this case much larger, were
parallel.

I am prepared to believe that in many cases several points will give more current than a single
point (for we have such measurements). On the other hand it is not inconceivable to me that with
very closely spaced points there will be less current than from an isolated point because of shield-
ing and space charge effects.

Dr. Chalmers--I showed no significant difference due to wind.

Dr. Chapman--This result seems correct for the case of many points when the wind and field
are at right angles, but when I spoke of wind I had in mind wind or flow of air past an airplane.

Dr. Norinder--I should like to ask if some calibrations have been carried out with a corona
point method when the point was located in an atmosphere filled up with small droplets or ice crys-
tals. I suppose that such water particles can influence the results. There is an evideni discrepancy
between field measurements of Simpson and Scrase of 10,000 volts/m in clouds and the field neces-
sary to initiate a lightning discharge.

Dr. Chalmers--I think that in a good many cases, the balloons of Simpson got into the active
part of the thundercloud and were destroyed. The point was very recently made that the maximum
values they got were the maximum that they could measure. When they got sparking inside the ap-
paratus, they could no longer measure the magnitude of the current at all. What I was Liking about
was that they did not find an increase of field below the cloud, not whether they found big fields in-
side the cloud.

Dr. Norinder--Point-discharge methods were used by others in Florida and at Argentine Peak
near Denver where fields having values of 40,000 and 150,000 volts/rm, respectively were measured.
There is a significant discrepancy between these values. it may be, for instances, that we have to
reckon with different types of thunderstorms, the tropical type in Florida and frontal storms in
higher latitudes.

Dr. Gunn--The electric fields inferred from the measurements of Simpson and Robinson in
thuanderstorms, namely, about 100 volts/cm is too low by about a factor of 10. Precipitation Static
Project measurements showed that fields of 1000 to 2000 volts/cm inside an active thunderstorm
occLur rather frequently. Just prior to a lightning stroke at 13,000 ft the electric field measured
on the belly of the airplane was 3400 volts/cm. Discussions with Dr. Robinson reveal that he and
Dr. Simpson now agree that their earlier measurements are of doubtful accuracy.

Dr. Wormell--Those are inside the clouds. Has anyone measured field underneath the clouds?

Dr. Gunn--This was inside, Simpson and Robinson gave us to understand.

Dr. Norinder--When one is talking about conditions inside clouds based on field measurements
outside, if there are showers to the ground we have to consider the decrease in field. We cannot
neglect the cylinder of a precipitation.
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Dr. Gunn--I would like to make one comment on this. We flew a good many of these thunder

storms, and there is one characteristic which I al vays thought was tremendously important, and
whicn I reported in the literature. Just before our aircraft enters the cloud, the electric field
would typically read about 200 volts/cm maximum. As soon as one dodges inside the cloud, the
field would jump by a factor of two to four. So I think the observation shows very clearly that there
are surface distributions of charge on the cloud and that the common assumption tha, the distribu-
tion is a dipole is a rather poor fiction.

I repeat, these measurements mean that there are large surface distributions of free charge
near the cloud boundary; and therefore, one must be careful how he interprets the electric field
data.

Mr. Reynolds--I have a comment on Dr. Chalmers' paper. If I understood correctly, he refer-
red to the lower positive charge iii the base of the cloud. It'S location seems to me very important.
Simpson's colleagues usually found the charge near the zero degree isothermal surface, occasion-
ally, at -warmer temperatures.

Dr. Chapman--Simpson gave various average values for the temperature of the so-called Q
charge from +2°C to +5°C.

Mr. Reynolds--I have forgotten the average value. At any rate, Dr. Kuetiner also found the
charge near zero degrees, and this is where wr' find it. In our case this is not far from the base
of the cloud, but it is important to know whether it is at the base or well into the cloud when one
considers the point discharge mechanism as its cause. Even eight degrees centigrade is well up
in the clouds in Simpson', study, is it not?

Dr. Chalmers--.'es.

Dr. Chapman--Dr. Gunn's field measurement in an aircraft of 3400 volts/cm prior to a light-
ning strike was converted by Gunn to 1600 voltsicm vertical component of the free field by the form
factor due to the sh )e of the fuselage. Several people have reported 600-800 volts/cm as common
within clouds. I do not think thc balloon measurements are essentially in conflict. Simpson and
Scrase got 100 vlts/cm; I found 200 vlts/cm. It may be that the calibrations are in error since
ip calibrating close to the ground (Simpson) or in the laboratory (Chapman) there are electrodes
nea, by. Now in any space charge situation in the absence of wind, if the far electrode is at a great
(or infinite) distance, as is the case for a balloon in the air, a great (or infinite) voltage is required
for a finite current. The spee of a balloon is small and it has but little wind past its corona points.
Therefore in the free atmosphere, extrapolations based on measurements near electrodes may not
be valid, and a greater field may be required for a given corona current than was assumed. In the
corona current expression

V i = %oFkV2/ + GvV .- Hav 2/k)

for the balloon situation the first term may be smaller tha thought because of large distances, and
RR- Ithe second term may yield large values of potential V because of the small wind speed v. A meas-

ured current could imply a much greater L.ld than had been supposed.

Dr. Chalmers--Simpson and Scrase actually did not calibrate their balloon in th,3 laboratory.
They measured tLe current through the balloon soon after it left the ground and measured the surface
field simultaneousiy with a radioactive collector with a fixed point, so they did not have to extrapo-
late from laboratory measurements.

The problem 1 was up against this morning was whether the wire technique measures the field
accurately. ft ought to give relatlve values of the field, which should increase as the balloon goes up.I They do not. Now, the possibility has occurred to me that the distortions of the field changes with
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the height of the balloon above ground. If It does, one might explain , o increase of current with
height.

Dr. Chalmers--Smith's results show an apparent discrepancy with those of Hutchinson and
CI. 3. This -s because the drops measured by Hutchinson and Chalmers all fall in the lowest
port.--. if Smith's curve.

Smith's results also serve to explain why nobody between Elster and Geitel and Simpson found
the Inverse relation between rain charge and field. The shielding used by many observers preventsthe smallest drops from reaching the receiver and it is these which contribute most to the inverse

relaticn.

Mr. Reynolds--I should like to make a comment which tends to confirm Dr. Smith's interpre-
tation of the inverse relationship of the sign of precipitation charges to the sign of the field.

Dr. Kuettner found at his mountain observatory that the precipitation charge was almost always
opposite to the sign of the field. We have found the same thing. Now, in thunderstorms over moun-
tains, the field is large and therefore, the effect is enhanced to almost a one to one relationship.

Dr. Chalmers--I think the mirror image effect is not exactly what you mean. Simpson found
two things. He found the inverse relation between charge and field, which I think is best described
as inverse relation. He also found the mirror-image effect when the field and charge were changing
s *sm. He found the field changi 'g and the change i charge was almost a mirror image of the field.

Dr. Reynolds- -This is quite what I mean. Following a discharge which causes a charge in the
sign of the field, the precipitation charge, within a half minute or a minute, changes sign. There
is a bit of a lag, but it is almost a mirror image.

Dr. Calmers--We have sometimes found when measuring field and charge that we get a 'W'
pattern of field and then the rain charge follows the mirror image except in the center part of the
pattern. It looks as if the center part of the 'W' pattern is connected with the charge of the rain,
this being sufficiently strong to affect the field at the Earth's surface. It is surprising how much
the charge in the column of rain can affect the field at the Earth's surface.

Dr. Smith--I agree with Dr. Chalmers' ex-planation.

Dr. Wormell- -Finally there is the paper of Dr. Ross Gunn. Dr. Kuettner has a question about
this paper.

Dr. Kuetine r--Gunn's Pffect would be qu'e important in view of the great extension of the pre-
cipitating fronts over the globe. Can the exl.. :ts present here give their opinion as to whether or
not the mean positive conductivity is actually greater than the mean negative conductivity?

Mr. Faucher- -I would like to point out to Dr. Gunn and Dr. .. uettner that in all our measure-
ments, at least from 500 to 35,000 ft that the ratio of conductivity was 1 ± 0.1.

Dr. Parkinson--If I remember, the principal results from Watheroo, the ratio of lambda plus
to lambda minus was something like 1.2. This was, of course, at low altitude, 800 ft above sea
level, and at Htancayo, negative condactivity is somewhat higher th'an the positive but tie positive
small ion density is greater than the negative. There is a considerable difference between the pos-
itive and negative small ions at iuancayo.

Dr. Schilling--We find near the surface during undisturbed conditions a preponderance of pos-
itive conductivity over negative conductivity of about 15 to 20 pct. Of course, we have observed
ratios as high as 1.5 on mountain tops, which may be due to the electrode effect caused by the geo-
metry of thc mountain. We also noticed that changes in the ratio of the conductivities were not
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always clearly connected with field changes during disturbed weather apparently not being due to
an electrode effect alone. It seems to me that Mrb. Sagalyn's results refer to undisturbed condi-
tions during certain lows of the day at appreciable heights above ground. For this and other reasons,

_jA we cannot compare her results with our results in this respect.

Dr. Gunn--The work of Sherman in Alaska, for a period of 11 months showed that the ratio of
the positive conductivity to the negative conductivity was 1.35 if my memory is right. The meas-

U. urements in Tucson, summarized by Wait yields a value of this ratio of 1.2 or 1.3.

Gish and Wait published some data on conductivity as a function of altitude. Froa their data
is it possible to compute the ratio of positive to negative conductivity? It is greater than unity near
the surface and less than unity at 25,000 ft.

Gish's and Sherman's measurements in the Explorer U suggest a ratio greater than one and
at moderate heights decidedly less than one at high levels. Since that matter has been raised there
was a paper published by Sagalyn, Coroniti, and others in the Journal of Geophysical Research.
They say one thing in the text and the curves give something different.

We need more data. At the surface and near the surface the data are overwhelming that ratio
is greater than unity.

Dr. Gish--I agree I cannot see from the evidence that has been accumulated over the years any
grounds for assuming that the positive conductivity at the surface is not more than the negative.
The average ratio is about 1.2. It seems to me that one of the important problems we ought to
tackle is direct measurement of mobility.

Mr. Coroniti--Dr. Gunn questions the soundness of our measurements. He stated that we should
have measured simultaneoulsy positive and negative conductivity. Dr. Gunn and I have discussed,
before this conference, the interpretation of our data; and hence, I see no reason to airthat problem
at this time. With respect to the simultaneous measurements of positive and negative conductivities.
we essentially dd measure both. The procedure was as follows: A flight path of 30 minutes duration

v.A was chosen. The measurements were made at a constant altitude, beginning at an altitude of 5000 ft,
X__ and repeated at 10,000, 15,000, 20.000, and 35,000 ft. For a 15 minute period th6 positive conductivi-

ty was measured and for the remaining 15 minutes negative conductivity. These were repeated
many times. Considering the short interval of 30 minutes, I am certain that the measured values
of conductivities would not have differed from the simultaneously measured values.

Dr. Gunn--All I said was we need more experimental data and should make them carefully. How
about the electrical fie.d on these airplanes. Some of the measurements show there was a good deal
of scatter.

Mr. Coroniti--You probably know the B-17 used. It is the same aircraft which you used in your
precipitation static experiments. To study the effect oi surface charge of the plane on the meas-
ured conductivities we experimentally measured the variation of fair weather Positive and negative
cnductivities with positive and negative electric fields due to surface charge on the aircraft. We

X found that the field had to attain a value greater than t.n volts,'cm before the values of conductivities
are affected. For instance, a value greater than +10 volts, cm affet ts the values of positive and not
negative conductivity and vice versa.

Our measurempnts were made in fair weather. In fair weather, the electric field due to surfacecharge on the B-17 never reached this value according to your published reports.

I agree with Dr. Gish. We should have measured the mobility at various altitudes. It is not an
easy task. One of the parameters that gave us plenty of trouble was the accurate measurement of
air flow.
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